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Abstract 
The Oxidation of a Gasoline Fuel Surrogate  
in the Negative Temperature Coefficient Region 
David Burton Lenhert 
Dr. Nicholas P. Cernansky, Dr. David L. Miller, and Dr. Kevin G. Owens 
 
 
 
 
 The oxidation of simple blends or chemical surrogates has allowed the detailed 
examination of the combustion processes for fuels that either have too many compounds 
for detailed study or have a variable composition.  For gasoline fuels, mixtures of n-
heptane and 2,2,4-trimethyl-pentane (iso-octane) have been used as a surrogate to 
determine the octane rating of a fuel.  Neat and binary mixtures of these primary 
reference fuels (PRFs) have been studied and modeled extensively to elucidate the 
mechanism of autoignition for real world fuels.  However, modern gasoline fuels are 
complex mixtures of alkanes (≈60%), alkenes (≈10%), and aromatics (≈30%).  From the 
limited number of studies that have been conducted on mixtures of alkane/alkene and 
alkane/aromatic, we know that the addition of an alkene or aromatic compound had a 
significant influence on the oxidation process.  The aim of this study was to examine the 
oxidation of a chemical surrogate that included alkane, alkene, and aromatic components 
and to elucidate the effects of the components on the oxidation process.  The surrogate 
was a mixture of 4.6% 1-pentene, 31.8% toluene, 14.0 % n-heptane, and 49.6% iso-
octane and had been developed to mimic the behavior of several industry standard fuels 
in the low and intermediate temperature regime.  
 This experimental program studied the oxidation of each of the individual 
components and then the entire mixture in the low and intermediate temperature regime 
(600 – 800 K) at elevated pressures (8 atm) under dilute and lean or stoichiometric 
 xv
conditions.  Samples were extracted and analyzed over a range of temperatures at a fixed 
residence time and over a range of residence times at a fixed temperature by a suite of 
online analyzers, namely non-dispersive infrared measurements of CO and CO2 and total 
hydrocarbon measurements with a flame ionization detector.  Samples were also 
extracted for subsequent offline analysis using gas chromatography and gas 
chromatography with mass spectrometry to identify the major intermediates species.    
The neat 1-pentene results suggested that it undergoes both alkane and alkene type 
decomposition pathways, but is dominated by alkene pathways, specifically hydroperoxy 
radical )( 2OH & addition to the double bond.  The neat n-heptane results were compared to 
the current detailed n-heptane model of Curran et al. (1998a).  Generally, the model 
predictions and experimental data were in good agreement.  The neat iso-octane results 
were compared to the current detailed iso-octane model of Curran et al. (2002).  The 
model predictions and experimental data were generally in very poor agreement, as the 
decomposition of isooctane was significantly over predicted.  The major pathway 
identified for the formation of aldehydes in n-heptane and iso-octane was the 
decomposition of the dihydroperoxy radical.  The neat toluene results are not included, 
since neat toluene did not react at all conditions examined.  The surrogate results showed 
that approximately 10% of the toluene reacted to form benzaldehyde, benzene, phenol, 
and ethyl-benzene.  The addition of the toluene and 1-pentene also affected the relative 
rates of production of the intermediate species, namely, by increasing the formation of 
ethers and conjugate alkenes.
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1. Introduction 
 
1.1 Introduction 
For the past several decades, the public’s interest in protecting the environment has 
become more pronounced.  One of the major sources of pollution is from the combustion 
of hydrocarbon fuels in internal combustion engines.  Regulations introduced by the 
Environmental Protection Agency (EPA), California Air Resources Board (CARB) and 
international regulatory agencies are requiring vehicles and powered equipment to have 
significantly reduced pollution levels in the near future and additional restrictions will 
likely occur into the future.  The stricter pollution control regulations will likely require 
substantial reductions in carbon monoxide, unburned hydrocarbons, nitrogen oxides, and 
particulate matter.  For example, in December 2000, the Environmental Protection 
Agency (EPA) adopted new emission standards for heavy duty diesel engines and a fuel 
sulfur rule.  The adopted emission standards are 0.01 g/bhp-hr for particulate matter 
(PM), 0.20 g/bhp-hr for nitrogen oxides (NOx), and 0.14 g/bhp-hr for nonmethane 
hydrocarbons (NMHC).  The PM standard will take full effect in 2007, while the NOx 
and NMHC standards will be phased in for diesel engines between 2007 and 2010.  
Compared with today’s standards, the new rule represents a 95% reduction in the NOx 
level (currently at 4 g/bhp-hr; an intermediate standard of 2.4 g/bhp-hr of combined NOx 
+ NMHC takes affect in 2004) and a 80-90% reduction in PM emission (currently at 0.1 
for truck engines and 0.05 g/bhp-hr for urban buses).  Meeting these and future emission 
standards will require significant technological and scientific advancement.  Although 
fuel cells offer significant potential to reduce the emissions from automobiles, as seen in 
General Motor’s Hy-Wire concept vehicle, mainstream usage of fuel cell technology in 
 2
automobiles is probably at least 15 to 20 years off.  For the near term, an integrated 
approach will be necessary to meet the emission standards, specifically, advances in 
engine technology, emission control components/systems, and fuel formulation (Singh et 
al., 2000; Bertelsen, 2001). 
Furthermore, in December of 1999, the EPA finalized more stringent fuel standards, 
“Tier 2 standards,” for light-duty vehicles (passenger cars), light-duty trucks up to 8500 
lbs, and medium-duty passenger vehicles.  The standards established new nationwide 
limits for sulfur levels in gasoline to a 30 ppm per gallon average beginning in 2005 and 
a 80 ppm cap beginning in 2006.  The motivating force for the lower sulfur limits was 
sulfur “poisoning” of modern catalysts, causing a significant reduction in their 
performance.  In fact, a reduction of sulfur levels from 450 ppm to 50 ppm reduced 
hydrocarbon (HC) , carbon monoxide (CO) and NOx emissions by 18-23%, 19-22%, and 
8-12%, respectively (Beard, 1998).   
In addition to emission standards, fuel economy continues to be a major area of 
public and policy interests for several reasons.  First, light-duty vehicles account for 
approximately 40 percent of all U.S. oil consumption.  Second, fuel economy is directly 
related to the cost of fueling a vehicle and is of greater interest when oil and gasoline 
prices rise, such as seen today.  Finally, fuel economy is directly related to carbon dioxide 
emissions from light-duty vehicles, which contribute about 20 percent of all U.S. carbon 
dioxide (CO2) emissions (Hellman and Heavenrich, 2001).   
Due to the aforementioned societal pressures and governmental regulations, there 
continues to be interest in improving the combustion process of internal combustion 
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engines.  However, accomplishing these improvements will require a fundamental 
understanding of the combustion process.   
 
1.2 Autoignition and Knock 
One method to increase the efficiency of an engine, as predicted by a thermodynamic 
analysis of an ideal engine cycle, was to increase the compression ratio.  Unfortunately, 
raising the compression ratio increased the fuels susceptibility to knock.  Knock occurs 
when the heat is transferred from the propagating flame front to the unburnt gases, and 
more importantly, as a consequence of the compression from the combustion process 
causing the unburnt "end-gases" to decompose and ignite prior to the arrival of the flame 
front.  Oppenheim (1984) presented a generic definition of knock as “an undesirable 
mode of operation that originates spontaneously and sporadically in the engine, 
producing sharp pressure pulses associated with a vibratory movement of the charge and 
the characteristic sound effect from which the phenomena derives its name.”  The 
implication of knock is that it limits engine efficiency and thereby increasing emissions 
in engines. 
As early as 1920, researchers noticed wide differences in the knocking characteristics 
of pure hydrocarbons.  In 1948, Lovell published an extensive review and tabulation of 
the knocking characteristics of over 325 hydrocarbons (Lovell, 1948).  Notably, Lovell 
related the chemical structural of hydrocarbons to a fuels tendency to knock.  For alkanes, 
Lovell noted that the compression ratio at which a compound knocked, the critical 
compression ratio, decreased as the length of the unbroken chain increased and increased 
as the amount of branching increased.  For alkenes, the location of the double bond also 
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had notable impact on the critical compression ratio.  If the double bond was closer to the 
center of the straight-chain alkene, then the critical compression ratio was higher.  
However, Lovell did not forward a kinetic or mechanistic explanation for the observed 
phenomena.  After Lovell, significant progress was made on the mechanism of 
hydrocarbon oxidation.  However, it was not until Walsh (1963) proposed a mechanistic 
link between knock tendency and fuel structure that there was a reasonable explanation 
for the wide differences in knock behavior.  Walsh suggested that the isomerization of the 
2OR &  radical (where R is the original fuel molecule, minus one hydrogen atom) plays a 
critical role in the oxidation of hydrocarbons since the isomerized radical can lead to a 
series of chain branching reactions.  Thus, an approach to understanding the knock 
behavior of a fuel is to investigate the mechanism of the fuel decomposition and 
oxidation prior to the point of autoignition. 
Since Walsh, extensive studies have been conducted on the oxidation of 
hydrocarbons, greatly increasing the understanding of the combustion process.  In 
general, the combustion process may be described as a series of complex degenerate 
chain branching, carrying, and terminating reactions involving stable and radical species.  
It is commonly accepted that for hydrocarbon oxidation these reactions may be separated 
into three distinct temperature regimes.  Each regime, low, intermediate, and high 
temperature regime, is dominated by reactions involving different radical species and 
different pathways.  Naturally, the combustion environment, temperature, pressure, and 
equivalence ratio, effects the location of the boundaries between each regime.  For 
example, at one atmosphere, the hydrocarbon oxidation process can be divided along the 
following boundaries: 
 5
1) Low temperature regime:   < 650 K 
2) Intermediate temperature regime:  650 – 1000 K 
3) High temperature regime:   > 1000 K 
 
Since many of the reactions in each regime are pressure dependent, the temperature of 
each regime will shift as the pressure of the combustion process increases. 
The temperature regime where the autoignition process occurs has been experimental 
measured by several researchers (eg. Gluckstein and Walcutt, 1964; Smith et al., 1985; 
Griffiths et al., 1997) and although disputed by some researchers, it is generally accepted 
that the end-gas autoignites in the intermediate temperature regime, Figure 1.  Since the 
fuel spends considerable time in the low temperature regime, it becomes critical to 
understand the oxidation process in both the low and intermediate temperature regimes at 
elevated pressures to understand the autoignition phenomena.    
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Figure 1: End-gas temperature and pressure trajectories (Wang, 1999). 
 6
1.3 Interaction of Hydrocarbon Families 
It is clear that in order to understand the autoignition process it is necessary to 
understand the mechanism of hydrocarbon oxidation.  However, most of the studies to 
date have focused on the oxidation of a single component or simple binary mixtures.  
Furthermore, most of the fuels used in these studies have been alkanes, even though 
modern automotive gasoline fuels are mixtures of alkanes, alkenes, and aromatics.  
Previous research has shown that the addition of alkenes or aromatics to an alkane 
mixture can significantly affect the oxidation process.  Leppard (1992) examined the 
affects of blending 2,2,4-trimethyl-pentane (iso-octane) and n-heptane with either 2-
butene or 1,3-butadiene.  He noted that the large and consistent differences between the 
blending and neat octane qualities showed that the autoignition chemistries of alkenes 
and aromatics interact in such a way as to retard the overall reactivity of the mixture.  
Leppard also examined the effect of the alkene/alkane mixture on the proportions of the 
intermediate combustion species for each constituent.  He concluded that the alkene had 
little effect on the alkane oxidation mechanism, but the alkane did have significant effect 
on the alkene mechanism.   
Khan (1998) examined the effects of the addition of an aromatic, toluene, and an 
alkene, 1-pentene, on the oxidation of a n-heptane/iso-octane mixture.  He noted that the 
addition of the aromatic and alkene significantly reduced the reactivity of the n-
heptane/iso-octane mixture.  Furthermore, he noted that although the aromatic did not 
exhibit much low temperature reactivity, it could still affect the overall oxidation by 
interacting with the radical pool.  However, Khan did not identify any intermediate 
combustion species, thus he was not able to identify specific mechanistic effects of the 
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alkenes and aromatics.  Consequently, this thesis attempts to elucidate the mechanistic 
effects of alkenes and aromatics on the alkane oxidation and the effects of alkanes on the 
alkene and aromatic oxidation processes by identifying and quantifying the intermediate 
species of the surrogate used during Khan study.  
 
1.4 Closure 
Understanding the chemical processes that causes a fuel to autoignite is critical for 
solving the problem of knock.  Since the autoignition phenomena is strongly dependant 
on the oxidation chemistry, hence the chemical structure of the hydrocarbon, and the 
temperature and pressure of the combustion environment, then a fundamental 
understanding of the low and intermediate temperature chemistry of the different 
hydrocarbon functional groups at elevated pressures is critical.  Extensive studies of the 
combustion of neat hydrocarbons have been conducted by many researchers, only a 
limited number of studies on the interaction between hydrocarbon functional groups and 
on mixtures that more closely match the composition of “real” automotive fuels have 
been done.  This thesis attempts to address both issues by experimentally examining the 
oxidation of an automotive fuel surrogate and its constituents at temperatures and 
pressures relevant to the autoignition process.   
 8
2. Background & Literature Review 
 
2.1 Introduction 
This chapter endeavors to describe the importance of the low and intermediate 
temperature chemistry regime on the autoignition characteristics of spark ignition (SI) 
and compression ignition (CI) engines.  This will be accomplished by a detailed review 
of the literature.  Section 2.2 will describe the importance of hydrocarbon oxidation 
chemistry.  Section 2.3 describes the low and intermediate temperature oxidation 
mechanism for alkane, alkene, and aromatic hydrocarbons.  Sections 2.4 - 2.7 
concentrates on the past studies of 1-pentene, n-heptane, 2,2,4-trimethyl-pentane (iso-
octane), and toluene, respectively.  Section 2.8 describes past investigations on the 
interactions of hydrocarbon functional groups.  Finally, Section 2.9 describes how this 
present study expands the knowledge of these compounds.  
 
2.2 Hydrocarbon Oxidation Chemistry 
The gas phase oxidation of hydrocarbons has been studied since the early 1900s.  
Since then, several theories have been forwarded as to the mechanism of hydrocarbon 
oxidation.  The foundation of today’s theory was forwarded by Semenov (1935) which is 
based on the concept of free radicals.  A radical is an atom or molecule with at least one 
unpaired electron in the outermost valence shell.  Due to the unfilled valence shell, 
radicals are highly reactive.  Since Semenov, the theory has been refined and enhanced, 
but the fundamental concept remains.  Essentially, the oxidation process is controlled by 
a sequence of elementary chemical reactions in which radicals are created, propagated, or 
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destroyed.  These reactions can be grouped into several fundamental classifications 
(Pilling, 1997): 
 
(i) Primary Initiation: formation of radicals from parent fuel molecule 
(ii) Secondary Initiation: radicals formed from other “stable” intermediates 
(iii) Chain Propagation: reaction where the number of radicals remain 
unchanged 
(iv) Chain Branching: reaction where the number of radicals increases 
(v) Termination:  removal of radicals from the reaction 
 
As our knowledge of hydrocarbon oxidation and the size of the hydrocarbon 
molecules have increased, along with computer system capabilities, the combustion 
mechanisms have increased significantly in size.  For C7 hydrocarbons, it is not unusual 
to have mechanisms contain thousands of reactions and hundreds of species (Ranzi et al., 
1995; Ranzi et al., 1997; Curran et al., 1998a, 2002).  However, each reaction in the 
mechanism requires the associated rate parameters.  Chemical kinetic theories, such as, 
transition state theory, can provide “reasonable” values for the rate parameters, however 
they are still not as reliable as experimental measurements.  With advances in analytical 
chemistry, namely, gas chromatography and mass spectrometry, intermediate combustion 
species can be identified and quantified for validation of rate parameters and the 
identification of new reaction pathways.  The coupling of mechanistic and experimental 
information is required to improve the fundamental understanding of the oxidation 
process.   
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2.3 Low & Intermediate Temperature Chemistry 
As noted previously, the oxidation of hydrocarbons can be separated into three 
temperature regimes, the low, intermediate, and high temperature regimes.  In the low 
temperature regime, the oxidation process is dominated by the alkylperoxy radical )( 2OR & , 
where R is the hydrocarbon molecule minus one hydrogen atom.  The intermediate 
temperature regime is dominated by the hydroperoxy radical )( 2OH & ; while, the high 
temperature regime is dominated by several radicals, namely hydroxyl )( HO& , oxygen 
)(O& , and hydrogen )(H&  radicals.  In general, flames are considered high temperature 
phenomena, however, combustion related phenomena such as cool flames, the negative 
temperature coefficient (NTC) behavior, and autoignition/knock are low and intermediate 
temperature phenomena.   
As chemical intuition suggests, the higher the temperature, the faster a given chemical 
reaction will proceed.  This behavior is inherent in the Arrhenius from of the reaction rate 
constant, k, and the associated rate expression.  For the typical reaction shown below.  
 
MOHRMORH k ++⎯→⎯++ 22 &&  
⎟⎠
⎞⎜⎝
⎛ ⋅
−⋅= TR
EAk Aexp  
[ ] [ ] [ ] [ ]MORHk
dt
RHd ⋅⋅⋅=− 2  
 Where, 
  Ea = activation energy 
  T = temperature 
  R = universal gas constant 
  A = preexponential factor 
  [x] = mass fraction of species x 
  d[RH]/dt = Rate of decomposition of RH (Law of Mass Action) 
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However, as the dominance switches from the 2OR &  radical to the 2OH &  radical during the 
transition between the low and intermediate temperature regime, the overall reactivity 
actually decreases.  This decrease in reactivity with increasing temperature is referred to 
as the negative temperature coefficient (NTC) behavior.  The behavior was first observed 
by Pease in 1929 while studying the oxidation of propane in a flow reactor (Dechaux, 
1973).  Since 1929, the NTC behavior has been observed in numerous alkanes, alkenes, 
and a few aromatics.  Investigation of hydrocarbon oxidation in the NTC region provides 
a unique opportunity in which to investigate the competing reaction pathways of the 
oxidation process.  Further discussion of hydrocarbon oxidation requires discussion of 
specific oxidation mechanisms for alkanes, alkenes, and aromatics.  Thus, the basic 
mechanisms for each functional group will be reviewed in the next sections.    
 
2.3.1 Alkane Oxidation Chemistry 
Alkane hydrocarbon oxidation has been extensively studied by many researchers 
since they are present in large concentrations (≈60%) in fuels.  Previous research has 
focused on the oxidation of a variety of straight chained and branched hydrocarbons, such 
as propane, butane, pentane, 2,2-dimethyl-propane (neo-pentane), n-heptane and iso-
octane.  In general, alkanes tend not to react until about 400 K.  Between 500 to 1000 K, 
propane and larger alkanes follow a general oxidation scheme presented below (Curran et 
al., 1995; Ranzi et al., 1997).  
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MORH ++ 2 ⎯→← MOHR ++ 2&&  (R1) 
2OHRH &+  ⎯→← 22OHR +&  (R2) 
HORH &+  ⎯→← OHR 2+&  (R3) 
2OR +&  ⎯→← 2OR &  (R4) 
MOR ++ 2&  ⎯→ MOHRR ++= 2"' &  (R5) 
R&  ⎯→ '''"' RRR &+=  (R6) 
RHOR +2&  ⎯→ RROOH &+  (R7) 
2OR &  ⎯→ ORCHOR "' +  (R8) 
222 OHOR +&  ⎯→ 2OHROOH &+  (R9) 
22 OHOR && +  ⎯→ 2OROOH +  (R10) 
22 'OROR && +  ⎯→ 2' OOROR ++ &&  (R11) 
'2 ROR && +  ⎯→ OROR && '+  (R12) 
ROOH  ⎯→← HOOR && +  (R13) 
2OR &  ⎯→← OOHQ&  (R14) 
OOHQ&  ⎯→← 2' OHRR &+=  (R15) 
OOHQ&  ⎯→ RCHOOHR +'&  (R16) 
OOHQ&  ⎯→ +HO&
O
RR  
(R17) 
OOHQ&  ⎯→ HOCHORRR &++= "' (R18) 
MOH +22  ⎯→ MHOHO ++ &&  (R19) 
2' OCHOR +  ⎯→ 2' OHOCR && +  (R20) 
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2OOOHQ +&  ⎯→ OQOOHO&  (R21) 
OQOOHO&  ⎯→ OOHQHOO &  (R22) 
OOHQHOO &  ⎯→ HOQOOHO &+=  (R23) 
OOHQO &=  ⎯→ CHORCHOR & ′′+'  (R24) 
 
 
 
The decomposition of the parent fuel molecule (RH) is initiated by the removal of a 
hydrogen by molecular oxygen (R1).  However, this step, called an abstraction reaction, 
is highly endothermic, roughly 180 – 230 kJ/mol depending on the parent fuel and the 
bond energy of the abstracted H atom, and requires an activation energy proportional to 
the endothermicity.  To provide this energy, the reaction requires a collision with a third 
species, which can be any component, radical or stable, of the mixture.  Due to the 
variations in the activation energies, the abstraction process is very selective as to which 
hydrogen is removed and depending on the abstraction site, a different alkyl radical )(R&  
will be formed.  For any given hydrocarbon, the hydrogen atoms can be labeled in such a 
fashion as to indicate which abstraction sites will produce the same radicals and 
intermediates.  For n-heptane and iso-octane there are 4 distinct abstraction sights, “a”, 
“b”, “c” or “d”, Figure 2. 
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aCCCCCCCa
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n-heptane 2,2,4-trimethyl-pentane (iso-octane) 
Figure 2: Structure and H-abstraction sites of n-heptane and iso-octane. 
 
 
 
One of the factors that effect the location of the abstraction site is the C – H bond 
strength.  Tertiary hydrogen bonds, those on carbon atoms that are bonded to 3 other 
carbon atoms, are the weakest C-H bond type and most vulnerable to abstraction.  
Secondary hydrogen bonds, those on carbon atoms that are bonded to 2 other carbon 
atoms, are the next weakest.  While, the primary hydrogen bond, hydrogens that are 
bonded to a carbon only connected to one other carbon atom, are the strongest.  
Westbrook et al. (1991) and Leppard (1992) investigated the hydrogen abstraction for n-
heptane and iso-octane. For n-heptane, they found that the “b” and “c” sites were the 
preferred abstraction sites.  For iso-octane, they found the “a” site was the favored 
abstraction site due to the overwhelming number of available sites, but since it is a 
primary hydrogen bond, it requires more energy.  Once sufficient radicals have been 
formed, the decomposition of the parent fuel molecule is accomplished by reactions R2, 
R3, and R7.  Due to the higher reactivity of the hydroxyl radical )( HO& , reaction R3 
would be the preferred reaction for fuel decomposition. 
 Once the alkyl radical )(R& is formed, it can either react with oxygen to form the 
alkylperoxy radical )( 2OR &  (R4) or decompose into a lower molecular weight alkene and 
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smaller alkyl radical by β-scission (R6).  β-Scission refers to the breakage, or scission, of 
the C-C bond one removed from the carbon atom bearing a radical, the beta bond.  The 
location of the beta bond is illustrated by a squiggly line in Figure 3 for a “c” heptyl 
radical, )( 157 HCc & .   
 
 
 
 
Figure 3: Schematic of the heptyl radical illustrating the location of the beta bond. 
 
 
 
 
The beta bond is weakened by the radical site, thus will be the first to break of the C-C 
bonds.  For n-heptane, if the β-scission occurs to a “c” heptyl radical, then 1-butene and a 
propyl radical will be formed.  However, if the β-scission occurs to a “b” heptyl radical, 
then 1-propene and a butyl radical will be formed.  For iso-octane, β-scission of an “a” 
iso-octyl radical will result in the production of 2-methyl-1-propene and an iso-butyl 
radical.  
 The alkylperoxy radical has multiple paths in which to decompose.  For lower 
molecular weight hydrocarbons, the alkylperoxy radical reacts with a fuel molecule to 
form the alkylhydroperoxide )(ROOH and an alkyl radical (R7).  For larger molecular 
weight hydrocarbons, the alkylperoxy radical easily isomerizes by internal abstraction of 
a hydrogen by the oxygen atom, typically from a site 4-6 carbon atoms away, to form a 
OOHQ& radical.  OOHQ& rapidly breaks down to form various intermediates such as 
cyclic ethers (R17), conjugate alkenes (R15), carbonyls, and lower molecular weight 
alkenes (R18).  For iso-octane, if an “a” iso-octyl radical isomerizes by abstraction of a 
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“c” hydrogen, then the resulting radical can cyclize to form 2,2,4,4-tetramethyl-
tetrahydrofuran and a hydroxyl radical (R17).  For n-heptane, if a “b” heptyl radical 
isomerizes by abstraction of a “c” hydrogen, then the resulting radical can cyclize to form 
2-methyl-5-ethyl-tetrahydrofuran and a hydroxyl radical.   
In addition to the above reactions, the OOHQ& radical may react again with molecular 
oxygen to form the OQOOHO& radical (R21).  As with the previous alkylperoxy radical 
)( 2OR & , OQOOHO&  may isomerize and decompose by breaking the O-O bond to form a 
hydroxyl radical and a ketohydroperoxide )( QOOHO = .  The ketohydroperoxide will 
remain until the temperature increases sufficiently for it to decompose.  In models by 
Curran et al. (1995), the decomposition of the ketohydroperoxide species was assumed to 
be a hydroxyl radical, an aldehyde, and a carbonyl radical (R24).  The consequence of 
this two-step approach through a relatively stable intermediate is that instead of a single 
step producing two hydroxyl radicals, it retards chain branching until the higher 
temperatures. 
These reactions account for most of the primary intermediate species observed during 
the oxidation of alkanes.  As the fuel molecule size increases, the number of potential 
radical sites further increases, resulting in a significantly larger variety of stable 
intermediates species that can be produced.  Detailed models by their vary nature must 
account for the formation and decomposition of all of these molecules.  However, 
educated elimination of the radical sites that have limited impact on the overall reactivity 
is one method that has been employed to reduce the number of reactions in alkane 
mechanisms.  A second method has been to simplify the decomposition of secondary 
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intermediate species, such as alkenes.  The next section will discuss the oxidation 
mechanism of the alkene species.   
 
2.3.2 Alkene Oxidation Chemistry 
Alkene hydrocarbon oxidation has not been as thoroughly investigated as alkane 
oxidation.  This is quite surprising given the fact that they are major intermediate species 
of alkane oxidation and are present in automotive fuels (≈10%).  The previous research 
has typically focused on the oxidation of lower molecular weight alkenes, such as 1-
propene, 1-butene, cis & trans-2-butene, and 1-pentene and a few select larger alkenes.  
Nevertheless, the research has shown that alkenes decompose through two different 
pathways.  The first pathway occurs via abstraction of a hydrogen along the alkane chain 
and reacting in a process identical to that of alkane fuels discussed previously.  The 
second pathway occurs via radical addition to the double bond.  The pathways associated 
with radical addition to the double have been outlined by Leppard (1992) and are 
presented below. 
 
 
 
 
+ HO&
 
⎯→←
 
(R1)
 
⎯→← RCHO + R&  
 
(R2)
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+ 2O
 
⎯→←
 
(R3)
 
⎯→←
 
(R4)
 
⎯→ RCHO + RCHO  + HO&
 
(R5)
+ 2HO  + M
 
⎯→←
 
+ M 
 
(R6)
 
⎯→← + HO&  
 
(R7)
 
⎯→← + HO&  
 
(R8)
 
 
 
As previously mentioned, the decomposition of the parent alkene can occur by two 
different pathways, by hydrogen abstraction or by radical addition.  As with alkanes, the 
abstraction process is highly endothermic and requires a third body to make the 
abstraction more likely.  As shown previously, the number of additional carbon atoms 
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attached to a particular carbon atom can significantly affect the associated C-H bond 
strength.  However, the presence of the double bond can further weaken the C-H bond 
strength of the hydrogen atoms adjacent to the double bond, the allylic hydrogen.  This is 
why the alkene structure has a very significant impact on the autoignition behavior.  
Since the double bond is located at the end of the 1-pentene molecule, only two allylic 
hydrogens, the “c” hydrogens, are available for abstraction.  Following the alkane 
mechanism outlined previously, if the abstraction occurs at the “c” site, then 1,3-
butadiene can form from subsequent β-scission (R6).  Furthermore, the “c” pentenyl 
radical can form the “conjugate alkene” with the aid of an oxygen molecule and a third 
body, R5, to form 1,3-pentadiene.  Thus, the alkene can decompose to form products with 
additional double bonds or double bonds in the cyclic ethers, depending on the site of the 
double bond and the length of the alkane chain.  
 
 
 
edca
eCCCCC
edcba
−−−=  
Figure 4: Structure and H-abstraction sites of 1-pentene. 
 
 
 
The second pathway for the decomposition of the parent alkene molecule occurs 
through the addition of radicals to the double bond.  However, these pathways are only 
available after the initial radical pool has been established by the “alkane” mechanism.  If 
a hydroxyl radical attaches to the double bond, it may decompose via reaction R2 to form 
a carbonyl and an alkyl radical.  This pathway is more important at lower pressures and 
becomes less important at higher pressures (Leppard, 1989).  Molecular oxygen may 
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attach at the radical site to form OQOHO&  (R3).  This newly formed radical can form a 
six-member ring and then rapidly decompose to form two aldehydes and a hydroxyl 
radical.  This reaction, dubbed the “Waddington” mechanism, was first introduced by 
Waddington (Waddington and Ray, 1968, 1973).  For 1-pentene, this pathway suggests 
that both formaldehyde and butanal should be formed.  Wilk et al. (1989) suggested that 
this is a major reaction pathway based on their static reactor studies of propene oxidation.  
However, more recent studies by Waddington (Stark and Waddington, 1995) and Prahbu 
et al. (1996) questioned the importance of this pathway.  Numerical simulations by 
Prahbu suggested a four times reduction in the ratio of radical addition versus hydrogen 
abstraction should occur when the alkene increases in size from 1-propene to 1-pentene.  
The only other suggested pathway, albeit unlikely, for the decomposition of the 
OQOHO& radical is through the loss of a hydroxyl radical consisting of an oxygen from 
the peroxy group and a hydrogen from the carbon atom to which the peroxy group is 
attached (R3).  Instead of a hydroxyl radical addition, a hydroperoxy radical can attach to 
the double bond to form the familiar OOHQ& of the alkane mechanism (R6).  Due to the 
proximity of the radical site, the OOHQ& can easily react to form an ether (oxirane) and a 
hydroxyl radical (R7).  For 1-pentene, hydroperoxy addition results in the formation of 2-
propyl-oxirane.  
The preferred pathway, H-abstraction or radical addition, will be highly dependent on 
the length of the alkyl chain and the location of the double bond.  As the alkyl chain 
length increases, H-abstraction will likely become the dominant decomposition pathway.  
However, most of the detailed alkane mechanisms have taken a simpler approach to 
model the decomposition of the alkenes by only using the “Waddington” mechanism for 
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their decomposition, thereby limiting the overall size of the mechanisms.  Nevertheless, 
as the mechanisms move toward more “real” gasoline components, a more detailed 
description of alkene decomposition chemistry will be needed.  The next section will 
discuss the oxidation mechanism of the aromatics species.   
 
2.3.3 Aromatic Oxidation Chemistry 
Aromatic hydrocarbon oxidation has not been extensively investigated at conditions 
relevant to autoignition, since aromatics were not routinely added in large concentrations 
to gasoline fuels until the banning of lead anti-knock additives like tetra-ethyl lead in the 
late 1980s.  In present day gasoline fuels, aromatics represent a significant fraction of 
total fuel volume, ≈30%.  Most of the aromatic studies have focused on either benzene or 
toluene in the high temperature regime, due to their resistance to oxidation at lower 
temperatures.  Therefore, most of the current mechanisms focus on the high temperature 
chemistry.  The modeling of the aromatic compounds also present special difficulties and 
kinetic complexities since they are inextricably linked with the formation of polycyclic 
aromatic hydrocarbons (PAH) and soot.  However, the oxidation of hydrocarbon 
mixtures at low and intermediate temperatures will generate sufficient radical 
concentrations to react with the aromatic fraction of the fuel.  The extent of that 
interaction is not well understood, but the reaction will likely react along similar 
pathways.  The general features of aromatic oxidation were outlined by Venkat et al. 
(1982) and are presented below. 
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Figure 5: General features of aromatic oxidation. 
 
 
 
For toluene oxidation, Venkat et al. (1982) and Brezinsky (1986) have proposed 
similar high temperature mechanisms and the combined mechanism is shown below, 
where φ  indicates a phenyl group. 
 
 
 
MOCH ++ 23φ  ⎯→← MOHHC ++ 22 &&φ  (AR1) 
HCH &+3φ  ⎯→← 22 HHC +&φ  (AR2) 
HOCH &+3φ  ⎯→← OHHC 22 +&φ  (AR3) 
OCH &+3φ  ⎯→← HOHC && +2φ  (AR4) 
22 OHC +&φ  ⎯→← OOCH && +2φ  (AR5) 
RHOCH +&2φ  ⎯→← ROHCH &+2φ  (AR6) 
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MOCH +&2φ  ⎯→← MHCHO ++φ  (AR7) 
MCHO +φ  ⎯→← MHOC ++ &&φ  (AR8) 
HOCHO &+φ  ⎯→← OHOC 2+&φ  (AR9) 
HCHO &+φ  ⎯→← 2HOC +&φ  (AR10)
OCHO &+φ  ⎯→← HOOC && +φ  (AR11)
MOC +&φ  ⎯→← MCO ++φ&  (AR12)
2O+φ&  ⎯→← OO && +φ  (AR13)
3CHO φφ +&  ⎯→← 2HCOH &φφ +  (AR14)
O&φ  ⎯→← O=φ&  (AR15)
O=φ  ⎯→← COHC +55&  (AR16)
355 CHHC φ+&  ⎯→← 265 HCHC &φ+  (AR17)
255 OHC +&  ⎯→← OOHC && +55  (AR18)
OHC && +55  ⎯→← OHC &55  (AR19)
OHC &55  ⎯→← OHC =55&  (AR20)
OHC =55&  ⎯→← HCHCCHCHCO &−−=+ 2  (AR21)
HCHCCHCH &−−=2  ⎯→← HCHCCHCH &+≡−=2  (AR22)
RHHCHCCHCH +−−= &2 ⎯→← RCHHCCHCH &+−−= 22  (AR23)
RHHCHCCHCH +−−= &2 ⎯→← CHHCHCCH ≡+= &2  (AR24)
HCCH &=2  ⎯→← CHHC ≡  (AR25)
RHHCCH += &2  ⎯→← RCCH H &+= 22  (AR26)
 
 
 
The decomposition of the toluene molecule is initiated by two modes, the abstraction 
of a hydrogen from the side chain (AR1) or pyrolytic cleavage of a hydrogen atom from 
the methyl group.  However, for mixtures in the low and intermediate temperature 
regimes, hydrogen abstraction by HO&  (AR3) or by 2OH &  will be the likely mode of the 
 24
initial decomposition of toluene.  As with alkane and alkene decomposition, molecular 
oxygen addition to the radical site was a major decomposition pathway.  However, at 
high temperatures, the stronger O-O bond of molecular oxygen will break during oxygen 
addition to the radical site, AR5.  Once an oxygen atom has been added to the methyl 
chain, additional hydrogen loss can occur though pyrolytic cleavage, which results in the 
formation of benzaldehyde (AR7).  The benzaldehyde decomposes though hydrogen 
abstraction of the side chain (AR11), followed by removal of carbon monoxide to form a 
phenyl radical (AR12).  The phenyl radical is unusual, since it is resonantly stabilized and 
does not have carbon-carbon bonds that may be broken by β-scission.  One consequence 
of long-lived radicals, like phenyl, is that the radical-radical reactions become more likely 
as the concentration of the long-lived radicals increases.  Therefore, the recombination of 
benzyl-benzyl radicals to form dibenzyl or the recombination of benzyl-methyl radicals 
to form ethyl-benzene is possible.   
 
 
 
 
 
dibenzyl ethyl-benzene 
Figure 6: Structure of dibenzyl and ethyl-benzene. 
 
 
 
Once the side chain has been removed to form a phenyl radical, the benzene ring will 
slowly decompose at high temperatures.  This occurs via oxygen addition and subsequent 
decomposition to CO and a cyclopentadienyl radical.  Like phenyl, the cyclopentadienyl 
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radical is resonantly stabilized and is expected to build to relatively high concentrations.  
However, the decomposition pathways of the cyclopentadienyl radical are still debated.  
Some have suggested that molecular oxygen addition to the cyclopentadienyl radical is 
the major decomposition route for the radical (AR18), but given the highly endothermic 
nature of this reaction would make this pathway unlikely.  Instead, a radical-radical 
oxidation pathway should be more likely (AR19).  The subsequent decomposition of the 
OHC &55  radical will result in butadienyl radical, the first oxidation step where the ring 
has been opened (AR21).  Once the butadienyl radical is formed, it will decompose 
following similar pathways outlined for the alkenes and alkanes.  
Although significantly fewer aromatic studies have been conducted, these reactions 
account for a significant portion of the primary intermediate species observed during the 
high temperature oxidation of aromatics.  However, the applicability of the high 
temperature mechanism to low temperature interactions with radicals produced by other 
functional groups is still unclear.  An additional problem is that, unlike alkanes and 
alkenes, the general oxidation pathways outlined above most likely can not be applied for 
larger aromatics, such as the bicyclic aromatic α-methylnapthalene.  Therefore, entirely 
new mechanisms will have to be developed for these species 
 
2.3.4 Aldehyde Oxidation Chemistry 
Although not specifically found in most fuels, aldehydes are a major intermediate 
species formed during the oxidation of alkanes, alkenes, and aromatics.  In addition, 
aldehydes are the major source of carbon monoxide in the low and intermediate 
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temperature regime.  The mechanism for the decomposition of an aldehyde to form 
carbon monoxide is shown below. 
 
 
 
2' OCHOR +  ⎯→← 2' OHOCR && +  (Ald1) 
2' OHCHOR &+ ⎯→← 22' OHOCR +& (Ald2) 
MOCR +&'  ⎯→← MCOR ++'&  (Ald3) 
OHCO +  ⎯→← HCO +2  (Ald4) 
 
 
 
At lower temperatures, significant amounts of 2OH &  are produced from the relatively fast 
reaction between molecular oxygen and an aldehyde, (Ald1).  The 2OH &  radical can 
continue to react with another aldehyde to form hydrogen peroxide, (Ald2).  The primary 
branching mechanism for low temperature aldehyde oxidation results from the 
decomposition of the hydrogen peroxide into two hydroxyl radicals.  The OCR &' radical 
can then decompose to form an alkyl radical and carbon monoxide, (Ald3).  At the higher 
temperatures, the major route for CO2 production occurs through reaction Ald4.  
However, at lower temperatures, CO2 can be produced through the acylperoxy radical 
( 2RCOO ).  The mechanism for low temperature CO2 formation is shown below. 
 
 
 
2' OOCR +&  ⎯→← 2' OCOR &  (Ald5) 
RHOCOR +2' & ⎯→← RHCOOR &+2' (Ald6) 
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HCOOR 2'  ⎯→← HOCOR &+2'  (Ald7) 
2'COR  ⎯→← 2' COR +&  (Ald8) 
 
 
 
As a major intermediate species and major source of CO formation, aldehyde 
decomposition must be included in any alkane, alkene, or aromatic mechanisms.  The 
mechanism outlined above has been used extensively in current models to describe the 
decomposition of aldehydes.  However, additional research should be conducted to 
examine the oxidation of larger aldehyde compounds.   
 
2.4 Past 1-Pentene Studies 
Alkenes have not been studied as extensively in the low and intermediate temperature 
regime as alkanes.  Most of the available studies have only investigated C4 and lower 
alkenes (e.g., Leppard, 1989; Hoffman and Litzinger, 1991; Pitz et al., 1991).  However, 
several studies were found that had examined 1-pentene oxidation in the low and 
intermediate temperature regime, of which three were conducted at Drexel University.  A 
review of the relevant 1-pentene oxidation papers is presented below.  
Wood (1994) oxidized both 1-pentene and n-pentane in a pressurized flow reactor 
under dilute conditions from low to intermediate temperature (625 – 800 K) at elevated 
pressures (4, 8, and 12 atm) to examine the mechanistic differences between alkanes and 
alkenes.  The pressurized flow reactor used in Wood’s study is the same facility as used 
for the present experimental study.  Utilizing gas chromatography (GC), gas 
chromatography with mass spectrometry (GC/MS), and Fourier Transform Infrared 
spectroscopy (FT-IR), concentration profiles for 23 compounds were obtained.  For 1-
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pentene, profiles as a function of temperature and residence time were obtained for 
acetaldehyde, acetic acid, acetone, 2-propenal, 1,3-butadiene, butenes, butanal, CO, CO2, 
cis & trans-1,4-pentadiene, ethylene, formaldehyde, formic acid, methane, methanol, 2-
methyl-1-tetrahydrofuran, 3-buten-2-one, 2,4-pentadione, 1-pentene, propene, propanal, 
and water.  A clear NTC behavior was observed for all the pressures examined in the 
study.  During the studies Wood observed that propanal was the 4th most abundant 
product which wasn’t consistent with Kumar’s static reactor studies of 1-pentene (Kumar, 
1994).  Wood further suggested that the Waddington mechanism (R5) is a dominant 
reaction pathway for alkene oxidation at elevated pressures, which was used to account 
for the large formaldehyde and butanal formation.  He also observed that 1-pentene 
undergoes many alkane type reactions, such as those presented in Section 2.3.1. 
Minetti et al. (1999) investigated 1-pentene and n-pentane oxidation in a rapid 
compression machine in the low and intermediate temperature regime at elevated 
pressures.  Two styles of experiments were conducted, the first recorded pressure and 
light emission traces at φ = 1 with a core gas temperature between 600 and 900 K and 
pressures between 6.8 and 9.2 bar.  The second experiment style extracted gas samples at 
different times prior to autoignition.  They observed a major difference in the production 
of C5 cyclic ethers between n-pentane and 1-pentene.  For n-pentane, 11.5% of the n-
pentane was converted to cyclic ethers, while only 3.3% for 1-pentene.  The only major 
C5 cyclic ether observed for 1-pentene was propyl-oxirane.  Furthermore, the assumption 
made by Pitz et al. (1991) that only the allylic radicals should be considered in the 
oxidation of butanes and that the allylic radicals do not add oxygen did not appear to be a 
valid assumption with 1-pentene due to trace quantities of 1,4-pentadiene being observed.  
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During the experiments, large yields of butanal and propyl-oxirane were observed, from 
which they concluded that the reaction of 2OH &  and HO&  with the double bond and 
subsequent reactions were very important, including the Waddington mechanism.  
Prabhu et al. (Prabhu et al., 1996; Prabhu, 1997) examined the effects of nitric oxides 
on the oxidation of 1-pentene in a pressurized flow reactor under dilute conditions from 
low to intermediate temperatures (600 – 800 K) at elevated pressures (6 atm).  The 
pressurized flow reactor used in Prabhu’s study is the same facility as used for the present 
experimental study.  During the controlled cooldown experiments, samples were 
extracted and a gas chromatograph was used for qualitative analysis and a FT-IR was 
used for quantification.  During baseline experiments without NOx, the major oxygenate 
intermediate species were observed to be propanal, 2-propenal, acetaldehyde, and 
butanal.  However, they did not observe the large yields of butanal, formaldehyde, and 
propyl-oxirane that radical addition to the double bond would suggest.  They proposed 
that hydrogen abstraction and subsequent alkane type reactions was the dominant 
pathway for the oxidation of 1-pentene as opposed to radical addition to the double bond.  
Furthermore, their modeling suggested that the ratio of radical addition to hydrogen 
abstraction decreased from 1.2 to 0.5 over the temperature range of 600 – 800 K for 1-
pentene.   
Kumar (1994) investigated the oxidation of 1-pentene and mixtures of 1-pentene and 
n-pentane in a static reactor in the low and intermediate temperature regime.  The static 
reactor was a pyrex vessel of diameter 10 cm, with a volume of 1400 cm3 and a surface to 
volume ratio of 0.5 cm-1.  The experiments were completed at initial pressures of 200 and 
400 torr and initial temperatures ranging from 576 – 777 K at equivalence ratios of 0.8 
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and 1.3.  During each experiment, the intermediate oxidation species were identified and 
quantified during the time evolution of the reaction.  For the 1-pentene experiments, the 
major alkene products were ethene, propene, and cis and trans 1,3-pentadiene.  2-
Propenal, butanal, acetone, 2-methyl-oxirane, and propanal were the major oxygenate 
intermediate species identified.  For the mixtures, the results showed that the 1-pentene 
acted as a radical scavenger in the low temperature regime and inhibited the overall 
reactivity of the mixtures. 
As discussed, several studies have examined the oxidation of 1-pentene in the low 
and intermediate temperature regimes at elevated pressures.  The goal of this present 
study is not to solely examine the oxidation chemistry of 1-pentene but to elucidate the 
effects of alkenes on the overall oxidation of hydrocarbon mixtures and “real” fuels.  In 
order to accomplish this task, a baseline was established by oxidizing neat 1-pentene.  
The resulting data can then be used in conjunction with previous results to assist in 
understanding alkene oxidation and provide additional information regarding the validity 
of the so-called “Waddington mechanism.” 
 
2.5 Past n-Heptane Studies 
Extensive studies have been conducted on n-heptane since it is a primary reference 
fuel (PRF) for the determination of gasoline knock ratings and it is present in gasoline 
fuels.  More recently, these studies have coupled experimental investigations with 
modeling.  This review is not intended to be comprehensive and will focus primarily on 
recent investigations in the low and intermediate temperature regime at elevated 
pressures.   
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Dagaut et al. (1995) oxidized n-heptane in a jet-stirred reactor under dilute conditions 
from low to high temperature (550 – 1150 K) at elevated pressures (10 to 40 atm).  The 
jet-stirred reactor was a 4 cm diameter fused-silica sphere with an internal volume of 35 
cm3.  The reactor was equipped with 4 nozzles of 2 mm diameter admitting the gases to 
achieve rapid mixing.  It was surrounded by two independent insulated heating wires and 
located inside an insulated stainless steel pressure resistant jacket.  Utilizing gas 
chromatography (GC) and gas chromatography with mass spectrometry (GC/MS) 
concentration profiles for 40 compounds were obtained.  Profiles as a function of 
temperature were obtained for H2, O2, CO, CO2, CH2O, CH3OH, CH4, ethane, ethylene, 
acetylene, CH3CHO, ethylene oxide, propane, propene, propadiene, propyne, acetone, 
C2H5CHO, 1-butene, 2-butene (cis and trans), 1,3-butadiene, butanal, 1-pentene, 2-
pentene (cis and trans), 1,3-pentadiene, 1-hexene, benzene, 1-heptene, 2-heptene (cis and 
trans), 3-heptene (cis and trans), n-heptane, 2-methyl-5-ethyl-tetrahydrofuran (cis and 
trans), 2-methyl-4-propyl-oxetan (trans), and 2-propyl-tetrahydrofuran.  Other oxygenates 
were detected at lower concentrations consisted of 2-methyl-tetrahydrofuran, 2-butyl-
oxiran, cis-2-methyl-4-propyl-oxetan, 2,4-diethyl-oxetan, 2-ethyl-tetrahydropyran, 2-
ethyl-3-propyl-oxetan, 2-methyl-3-butyl-oxiran (cis and trans), 2-heptanone, 3-
heptanone, and heptanal.  A clear NTC behavior was observed at both 10 and 40 atm.  
However, its behavior was strongly reduced at 40 atm, illustrating the dependence on 
pressure.  This result was interpreted in terms of the peroxy radical formation and 
isomeration of hydroperoxyalkyl radicals.  The stabilization of the excited intermediate 
QOOH* was favored when the total pressure was increased, resulting in the shift of the 
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transition between the low and intermediate temperature chemistry to higher 
temperatures. 
Ciajolo and D’Anna (1998) investigated n-heptane oxidation in a jet-stirred flow 
reactor with inlet temperatures ranging from 550 – 700 K at 2 bar.  Utilizing GC and 
GC/MS, the identification and quantification of numerous compounds were obtained.  
Aldehydes were found to be the dominant functional group and species such as 
formaldehyde, acetaldehyde, propionaldehyde, and butyraldehyde were characterized.  
Cyclic ethers accounted for only a small fraction of the oxygenated species with 2-
methyl-5-ethyl-tetrahydrofuran being the most abundant.  Several alkenes were 
identified, namely, 1-heptene, 2-heptene, 3-heptene, ethylene, 1-hexene, 1-pentene, 1-
butene, and propene.  The formation of the aldehydes could be derived from the β-
scission of heptylhydroperoxy radicals (C7H14OOH).  However, the decomposition of 
C7H14OOH should also produce large amounts of smaller 1-alkenes, which was not 
observed.  Therefore, a branching path involving the decomposition of 
dihydroperoxyheptyl radicals (HOOC7H13OOH), formed by the second addition of O2 to 
heptylhydroperoxy radicals and internal isomerization, was suggested as the source of the 
aldehydes.  The internal isomerization appears to be favored in linear alkanes where easy 
H-abstraction is possible. 
Minetti et al. (1995) investigated n-heptane oxidation in a rapid compression machine 
in the low and intermediate temperature regime at elevated pressures.  Ignition delay 
times and oxidation intermediates and products were measured during the measured two-
stage ignition process.  To characterize the reactions occurring prior to the NTC region, 
experiments were performed at Tc = 667 K and Pc = 3.4 bar under which two-stage 
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ignition was observed.  As the second stage of ignition was occurring, 1-heptene and 2-
heptene were of the same order of magnitude, however high selectivity was observed for 
the lower alkenes, 1-hexene, 1-pentene, and 1-butene.  Significant amounts of C7 cyclic 
ethers were observed, especially 2-methyl-5-ethyl- tetrahydrofuran (cis and trans), 
oxetanes, and 2-propyl-tetrahydrofuran.  The concentrations of aldehydes were on the 
same order of magnitude as the cyclic ethers, contrary to the measurements of Ciajolo 
and D’Anna (1998).  Alkanes such as methane, ethane, and propane were considered 
minor products.  The selectivity of the lower 1-alkenes was suggested to be a result of the 
scission of a C-C bond, weakened by the presence of an oxygen atom on the β carbon of 
the isomerized peroxy radicals.  Modeling of these results was conducted using a 
mechanism of 168 species and 904 elementary reactions developed by Chevalier et al. 
(1992).  This extensive mechanism was able to satisfactorily reproduce the ignition delay 
times and cool flame delays.  However, it was unable to predict n-heptane decomposition 
and its oxidation products before autoignition.  The researchers suggested that detailed 
mechanisms needed to be significantly improved before being used as a tool for the 
prediction of pollutants.  
Ranzi et al. (1995) developed a semi-detailed kinetic model for the oxidation of n-
heptane.  The model utilized a simplified kinetic model for the primary propagation 
reactions, then simplified the description of the primary intermediates, and finally 
analyzes the successive oxidation reactions with a detailed kinetic scheme.  The model 
was compared to jet-stirred reactor experiments by Dagaut et al. (1994a) and shock tube 
experiments by Ciezki and Adomeit (1993).  The model satisfactorily predicted CO and 
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CO2 formation, however, improvements in the prediction of heptenes, tetrahydrofurans, 
and other intermediate oxidation species are needed. 
Curran et al. (1998a) developed a detailed chemical kinetic mechanism for the 
oxidation of n-heptane.  This study includes all of the reactions known to be pertinent to 
both low and high temperature kinetics.  The low temperature mechanism has several 
major changes to explain the combustion of n-heptane in the 550 – 900 K temperature 
range.  A β-decomposition reaction path for hydroperoxy-alkyl radicals, leading to the 
formation of smaller alkenes and aldehydes, was included.  This pathway helped explain 
the selectivity for lower alkenes and increased the number of chain propagation pathways 
that compete with the chain-branching channel in the NTC region.  During n-heptane 
oxidation, large concentrations of cyclic ethers are formed, yet detailed reaction 
mechanisms are not well established for these compounds.  The primary mechanism for 
their oxidation was assumed to proceed through H-abstraction.  Assumptions relating to 
the sites of the H-abstraction and the nature of the species formed in these reactions were 
made.  The mechanism was validated using results from a plug flow reactor, a jet-stirred 
reactor, and rapid compression machines.  A detailed analysis was conducted to 
investigate the sensitivity of each class of reaction to the oxidation of n-heptane.  The 
reaction with the highest sensitivity, which would promote the overall rate of oxidation, 
was the isomerization of the peroxyalkylhydroperoxide radical ( QOOHO2& ) to form 
ketohydroperoxide and .HO&   At low temperatures, the high activation energy (43,000 
cal/mol) associated with the decomposition of ketohydroperoxide ensures that this 
reaction occurs very slowly.  The production of heptenes and 2OH &  radicals from the 
hydroperoxy-heptyl radical had the highest sensitivity for inhibition of the overall 
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reaction rate.  In addition, this reaction competes with the secondary addition of 
molecular oxygen to OOHQ& and the relative balance between the two pathways play an 
important role in the production of the NTC behavior.  Agreement between computed and 
measured results was generally very good, which suggests that the important reaction 
paths and rate expressions are reasonable.  However, the reaction paths and rate 
expressions can still be improved considerably. 
As discussed, a substantial number of studies have examined the oxidation of n-
heptane in the low and intermediate temperature regimes at elevated pressures.  However, 
as with 1-pentene, the goal of this study is not to simply examine the oxidation chemistry 
of n-heptane but to elucidate the effects of other hydrocarbon functional groups on the 
overall oxidation of hydrocarbon mixtures and “real” fuels.  In order to accomplish this 
task, a baseline was established by oxidizing neat n-heptane at elevated pressures.  The 
resulting data could then be used in conjunction with the papers outlined above to 
develop further understanding of alkane oxidation and provide additional information to 
improve the kinetic and mechanistic models of n-heptane oxidation. 
 
2.6 Past iso-Octane Studies 
Extensive studies have been conducted on iso-octane since it is the other primary 
reference fuel (PRF) for the determination of gasoline knock ratings and is present in 
gasoline fuels.  More recently, these studies have coupled experimental investigations 
with modeling.  This review is not intended to be comprehensive and will focus primarily 
on recent investigations in the low and intermediate temperature regime at elevated 
pressures.   
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Dryer and Brezinsky (1986) oxidized iso-octane in a flow reactor at 1080 K, one 
atmosphere pressure, and equivalence ratio of one.  Utilizing gas chromatography (GC) 
and gas chromatography with mass spectrometry (GC/MS), concentration profiles at 
various residence times for several compounds were obtained.  Some of the major 
intermediate species measured were iso-butene, propene, methane, ethene, ethane, 1,2-
propadiene, and 2-pentene.  During the oxidation process, almost no CO2 was produced.  
They noted that the β-scission of the fuel radicals and their large intermediate radicals are 
responsible for most of the observed stable species.  Furthermore, the competition 
between isomerization of the alkyl radical followed by β-scission and direct β-scission of 
the initial alkyl radical strongly influenced the development of the radical pool during 
oxidation of iso-octane. 
Dagaut et al. (1994a) oxidized iso-octane in a high pressure jet-stirred reactor under a 
wide range of experimental conditions covering the low to high temperatures regimes 
(550 – 1150 K, 10 atm, 0.3 ≤ φ ≥ 1.5).  Utilizing GC and GC/MS concentration profiles 
for many compounds were obtained.  Profiles as a function of temperature were obtained 
for H2, O2, CO, CO2, CH2O, CH4, ethane, ethene, ethyne, propene, propadiene, propyne, 
iso-butane, 1-butene, 2-butene (cis and trans), iso-butene, 1,3-butadiene, 1-methyl-1-
butene, 2-methyl-2-butene, 2-methyl-1,3-butadiene, benzene, 4,4-dimethyl-2-pentene (cis 
and trans), 2,4-dimethyl-2-pentene, 4,4-dimethyl-1-pentene, 2,4-dimethyl-1-pentene, iso-
octane, 2,4,4,-trimethyl-1-pentene.  Traces of acetaldehyde, acetone, 2,2,4,4-tetramethyl-
tetrahydrofuran, 3-methyl-1-butene, and 2,4,4-trimethyl-2-pentene were also observed.  
The major intermediate hydrocarbon observed during lean conditions was iso-butene, 
followed by methane, ethene, and propene.  The number of easy to abstract H atoms was 
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much lower with iso-octane then with n-heptane, as a result, much less oxygenates were 
produced during low temperature oxidation.  
Lignola et al. (1988) investigated the oxidation of iso-octane in a jet-stirred flow 
reactor.   The experimental conditions ranged from 202 to 1212 kPa (2 to 12 atm) and 
from 573 to 840 K at stoichiometric fuel ratios and a residence time of 0.4 seconds.  
Utilizing GC and GC/MS several intermediate species were identified, namely, acetone, 
iso-butanal, 2,2-dimethyl-oxiran, 4,4-dimethyl-1-pentene, 4,4-dimethyl-2-pentene, 2,4,4-
trimethyl-1-pentene, 2,4,4-trimethyl-2-pentene, and 2,2,4,4-tetramethyl-tetrahydrofuran.  
They suggested that knock resistance depends on the impossibility of an easy generation 
of acetaldehyde at the first oxidation stages. 
Ciajolo et al. (1993) investigated the oxidation of iso-octane in a jet-stirred flow 
reactor operating under pressure (0.7 MPa or 6.9 atm) at stoichiometric feed ratio in the 
low temperature regime (590 K).  Utilizing GC and GC/MS, concentration profiles with 
respect to residence time for many compounds were obtained.  2,4,4-trimethyl-1-Pentene, 
2,4,4-trimethyl-2-pentene, and 2,2,4,4-tetramethyl- tetrahydrofuran were the primary 
intermediate oxidation species, while formaldehyde, propanone, iso-butene, and 2,2-
dimethyl-propanal were also present in lower concentrations.  During the early residence 
times, reactions leading to species that retain the fuel skeleton, such as ether compounds 
and iso-C8 alkenes, were dominant over the reactions that lead to species lighter than the 
iso-octane.  As the residence time increased, a rapid increase of species lighter then iso-
octane was observed, which indicates a shift from the propagation reaction mechanism 
toward the branching mechanism. 
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D’Anna et al. (1992) examined the stoichiometric oxidation of iso-octane in a jet 
stirred flow reactor at high pressures (7 and 9 bar) in the low and intermediate 
temperature regime (600 to 760 K).  Using a GC and GC/MS, a majority of the reaction 
products were identified and quantified over the reaction regime.  At both 7 and 9 bar, 
iso-octane exhibited similar phenomenology.  The concentration of oxygenate products 
of the 7 bar experiment decreased steeply at temperatures slightly lower than observed at 
9 bar.  During the decrease of the oxygenates, the major species transitioned to primarily 
alkene compounds.  Moreover, they observed that at the start of the NTC region very 
little C7 alkenes were produced, but as the temperature increased their yield increased 
more rapidly than iC8 alkenes, specifically, 4,4-dimethyl-2-pentene, 2,4-dimethyl-2-
pentene.  Approximately 40% of the total reacted carbon was accounted for in the 
presences of iC8 alkenes and 60% can be accounted for from the fragmentation of the iso-
octane molecule (2-propanone, formaldehyde, 2-methyl-1-propene, CO2, etc).  Finally, 
they noted that the higher pressure increased the conversion of iso-octane and shifted the 
low temperature regime to higher temperatures, which indicated that the low temperature 
oxidation chemistry should play a significant role even at the higher temperatures 
typically found in internal combustion engines. 
Ranzi et al. (1997) developed a semi-detailed kinetic mechanism for the oxidation of 
iso-octane.  Both the low and high temperature chemistry mechanisms were reduced and 
lumped into a kinetic model involving a limited number of kinetic steps.  The mechanism 
was validated with pyrolysis, jet-stirred reactor, flow reactors, shock tubes, and a rapid 
compression machine experiments.  The jet-stirred reactor data was from Ciajolo et al. 
(1993) and Dagaut et al. (1994a) described previously.  The results of the modeling 
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showed that approximately 70% of the C8 ethers was constituted by 2,2,4,4-tetramethyl-
tetrahydrofuran and a mixture of alkyl-oxetanes and oxiranes constituted the remaining 
fraction.  Overall, the mechanism satisfactorily predicts the behavior of the general 
hydrocarbon classifications over the low and high temperature regimes.  Despite many 
simplifications, the mechanism adequately reproduces the dynamic behavior of the low 
and intermediate temperature regime.  However, this mechanism is still too complex to 
be used in CFD computations, thus additional simplifications to the model would be 
necessary for that application. 
Curran et al. (2002) developed a detailed kinetic mechanism for the oxidation of iso-
octane, which consists of 3600 elementary reactions involving 860 chemical species.  The 
mechanism was validated over a large range of operating conditions, specifically, 
pressures from 1 to 45 atm, temperatures from 550 to 1700 K, equivalence ratios between 
0.3 and 1.5, and with nitrogen-argon dilution from 70 to 99%.  The experiments used for 
validation encompass jet-stirred reactors, flow reactors, shock tubes, and motored 
engines.  Overall, there was reasonable agreement between experiments and models.  
Examining the lean oxidation of iso-octane at 6 atm and 925 K, the major alkene products 
were 2-methyl-1-propene (iso-butene) and propene.  The major source of 2-methyl-1-
propene resulted from the β-scission of the isooctyl radical, specifically, 178 HCa &  and 
178 HCc & .  The primary source for the production of 1-propene resulted from the β-
scission of the radical formed from the β-scission of the 178 HCa &  radical and directly from 
the β-scission of the 178 HCd &  radical.  For oxygenates, the results of the mechanism are 
mixed.  2-Propanone (acetone), 2-methyl-2-propenal (methacrolein), and 2-methyl-
propanal were relatively well predicted, with acetone being only a factor of two 
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underpredicted.  Acetone was predicted to form through the Waddington mechanism 
mainly from 2-methyl-propene.  The Waddington mechanism was used throughout the 
mechanism as the method to describe the alkene decomposition.  For all of these 
reactions a rate constant expression of 2.5⋅1016 exp(-71,000 cal/RT) s-1 was used.  
However, the C8 cyclic ethers were grossly underpredicted by the mechanism.  In all, the 
mechanism reproduced many of the experimental results reasonably well, however, in the 
lower temperature regimes reasonable agreement was only achieved after decreasing the 
rates of alkyl-peroxyl radical isomerization and peroxy-alkyl-hydroperoxyl radical 
isomerization by a factor of three relative to that of the n-heptane mechanism. 
As seen, there have been a substantial number of studies examining the oxidation of 
iso-octane in the low and intermediate temperature regimes at elevated pressures.  As for 
the other neat fuels, the goal of this present study was not to solely examine the oxidation 
chemistry of iso-octane, but to elucidate the effects of other hydrocarbon functional 
groups on the overall oxidation of hydrocarbon mixtures and “real” fuels.  In order to 
accomplish this task, a baseline was established by oxidizing neat iso-octane.  However, 
the current iso-octane model by Curran et al. significantly over predicts the formation of 
CO and has mixed results for the formation of oxygenates, hence the data garnered from 
the present study can be used in conjunction with previous results to improve the existing 
kinetic models. 
 
2.7 Past Toluene Studies 
Significantly fewer experimental studies have been conducted on toluene, as 
compared to the other fuels presented in this study.  Most of the studies have focused on 
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the high temperature regime due to toluene’s well-known resistance to low temperature 
oxidation and autoignition.  Several studies have examined toluene oxidation at lower 
temperatures, and a review of those studies is presented below in addition to several 
model development studies. 
Salooja (1965) studied the preflame and ignition characteristics of 17 aromatic 
compounds, namely, benzene, toluene, ethyl-benzene, o-, m-, p-xylene, mesitylene, n- 
and iso-propy-lbenzene, o-, m-, p-cymenes, n-, s-, iso-, tert-butylbenzenes, and tert-butyl-
toluene.  The introduction of the methyl group on the benzene ring lowered the 
temperature at which oxidation started and increased the extent of reaction.  The greater 
ease of oxidation was attributed to the lowering of the bond dissociation energy of the C-
H bond in the methyl group.  As the chain length increased from a methyl group to a 
butyl group a marked increase in the ease of both oxidation and ignition occurred.  In 
addition, there were significant differences in ignition characteristics between the 
positional isomers of the cymenes and xylenes.  The relative behavior of the cymenes 
was generally similar to that of the xylenes, but the differences were more pronounced 
among the xylenes.  o-Xylene was by far the most reactive of the xylenes and ignited at 
the lowest temperature, while, m- and p-xylene only differed slightly.   
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o-xylene p-xylene m-xylene 
 
 
o-cymene p-cymene m-cymene 
Figure 7: Positional isomers of xylene and cymene. 
 
 
 
Barnard and Ibberson (1965a; 1965b) studied the gas phase reaction of toluene in a 
static reactor between 723 and 788 K at 200 mm Hg (0.26 atm).  Using an assortment of 
analytical techniques, several intermediate species were identified, namely, water, CO, 
CO2, hydrogen, methane, and ethylene, benzene, formaldehyde, benzaldehyde, benzyl 
alcohol, benzoic acid, phenol, quinines, hydrogen peroxide, and organic peroxy 
compounds.  Of the intermediate species, benzene and benzaldehyde were the most 
abundant.  The authors noted that formaldehyde production closely follows the rate of 
reaction and suggested that it was the main degenerate branching agent.  The stability of 
the benzene ring was readily apparent as less then half of the available carbon was 
converted to CO, CO2, methane, and formaldehyde. 
Venkat et al. (1982) studied the oxidation of benzene, toluene, and ethyl-benzene in a 
turbulent flow reactor at high temperatures (~1200 K) at atmospheric pressure.  During 
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the oxidation of each aromatic fuel, samples were extracted and analyzed by a GC to 
determine the concentrations and identity of the intermediate species.  The intermediate 
species profiles of the three fuels examined showed remarkable similarities.  Once the 
aromatic fuel had been stripped of the aliphatic side chain, an identical reaction 
intermediate sequence was observed.  The six member ring would rupture when CO was 
expelled from the ketocyclohexadienyl radical to form a cyclopentadienyl radical.  The 
cyclopentadienyl radical continued to react with oxygen, and again rupture to expulse CO 
and a C4 fragment.  Due to high bond strain rates associated with a 4 member ring, it was 
suggested that a butadienyl radical was formed.  During the toluene studies, large 
amounts of benzaldehyde were produced early in the reaction sequence.  Two unique 
reaction intermediates were also observed during the oxidation of toluene, specifically 
styrene and ethyl-benzene.  Both of these molecules were proposed to be important soot 
precursors and subsequent models by Wang and Frenklach (1997) have shown this to be 
the case.   
 
 
 
Figure 8: Structure of styrene molecule. 
 
 
 
Roubaud et al. (2000) studied the autoignition of 11 alkyl-benzenes in a rapid 
compression machine in the low and intermediate temperature regime (600 – 900 K) at 
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elevated pressures (up to 24.6 atm).  The experiments determined the ignition delay time 
and the pressure and temperature limit below which autoignition did not occur.  For 
toluene, m-xylene, p-xylene, and 1,3,5-trimethyl-benzene, the minimum pressure for 
autoignition at 900 K occurred in excess of 15.8 atm.  For toluene, the minimum pressure 
for autoignition at 900 K was 17.3 atm and the delay time was 218 ms.  For o-xylene, 
ethylbenzene, 1,2,3-trimethylbenzene, 1,2,4-trimethylbenzene, n-propylbenzene, 2-
ethyltoluene, and n-butylbenzene, the minimum pressure for autoignition at 900 K 
occurred well below 15.8 atm.  In general, the minimum autoignition temperature and 
pressure decreased as the alkyl chain increased in length.  The most notable exception to 
this trend was the o-xylene, for which the minimum pressure for autoignition at 900 K 
was 7.5 atm and the delay time was 157 ms.  The results suggested that two factors affect 
the autoignition behavior the aromatic hydrocarbons.  First, the reactivity increased 
steadily from toluene to ethyl-benzene as the number of lateral alkyl chains increase, 
probably due to more aliphatic type hydrocarbon reactions.  Secondly, the reactivity 
decreased as the separation of alkyl groups increased.  The authors suggest that the 
proximity rather then the number of aliphatic carbon atoms determine the overall 
reactivity.  
Dagaut et al. (2002) studied the oxidation of toluene in a 1 atm jet-stirred reactor over 
a wide range of equivalence ratios (0.5, 1.0, and 1.5) and temperatures (1000 – 1375 K).  
In addition to the experimental results, a kinetic mechanism was developed based upon 
their benzene mechanism.  The toluene mechanism consists of 120 species and 920 
reversible reactions.  During the experiments, species concentration profiles for O2, H2, 
CO, CO2, CH2O, CH4, C2H2, C2H4, C2H6, allene (aC3H4), propyne (pC3H4), 1,3-
 45
butadiene, 1-buten-3-yne, 1,3-cyclopentadiene, benzaldehyde, benzene, dibenzyl, styrene, 
and toluene were determined.  The results showed that the major products, besides H2, 
CO, and CO2, were acetylene, benzene, methane, ethylene, formaldehyde, 1-buten-3-yne, 
and benzaldehyde.  The mechanism described the decomposition of toluene and 
formation of the intermediate combustion species extremely well.  Once the initial 
hydrogen was abstracted from the methyl branch of the toluene, it reacted with 2OH &  to 
form benzoxy (C6H5CH2O) and a HO& radical at the lower reaction temperatures.  The 
major route for the decomposition of benzoxy is through thermal decomposition into 
benzaldehyde.  Once it had decomposed to a phenyl radical, the mechanism begins to 
rupture the benzene ring through the addition of an oxygen and subsequent 
decomposition to 1,3-cyclopentadiene.  The subsequent decomposition of 1,3-
cyclopentadiene produced linear products. 
Given the large concentration of aromatic species in gasoline fuels, of which toluene 
is one of the most abundant, there have only been a limited number of detailed studies 
examining toluene oxidation.  Most of the more recent studies have focused on the 
decomposition of toluene at higher temperatures (>1000 K).  The primary reason for this 
focus is due to the unreactive nature of toluene at lower temperatures.  Since toluene is 
added to fuels that are more reactive at lower temperatures, it is important to consider 
reactions of toluene with radicals and intermediate species produced by the 
decomposition of the more reactive fuel.  However, at the lower temperatures of this 
study, it is expected that there is insufficient energy available to rupture the resonantly 
stabilized benzene ring when toluene is added to the surrogate mixture.  The current 
models suggest that the key indicator species of the benzene ring decomposition is 1,3-
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cyclopentadiene, thus additional attention should be applied to identify and quantify this 
compound.  Overall, the data garnered from these flow reactor experiments can be used 
to elucidate the impact of aromatic compounds on the autoignition phenomena.  
 
2.8 Past Functional Group Interaction Studies 
The primary focus of this program is to investigate the interaction of the various 
hydrocarbon functional groups present in gasoline fuels.  A significant number of studies 
have been conducted on the mixture of n-heptane and iso-octane for obvious reasons 
(e.g., Westbrook et al., 1988; Filipe et al., 1992; Dagaut et al., 1994b; Fieweger et al., 
1997).  However, studies of mixtures that contain species of different functional groups 
have been significantly more limited.  The focus of this section is to review select studies 
that have examined the interaction of hydrocarbon functional groups at conditions 
relevant to autoignition.  
 Leppard (1990) examined the autoignition of alkanes, alkenes, and aromatics to 
investigate the chemical origins of knock sensitivity and its relation to the NTC behavior.  
A series of experiments were conducted in a Cooperative Fuels Research (CFR) single-
cylinder engine using the ASTM  D-2699 and D-270 methods, commonly referred to as 
Research Octane Method and Motor Octane method, respectively.  For the aromatic 
autoignition studies, toluene, ethyl-benzene, o-xylene, and  m-xylene were examined 
under the motored octane conditions while monitoring CO production as a function of 
compression ratio.  Leppard observed that all of the aromatics exhibited significantly 
lower chemical activity up to the point of autoignition and no indication of NTC 
behavior.  To gain insight into the aromatic chemistry, subsequent studies identified all of 
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the intermediate species using mixtures of 90% n-butane and 10% aromatics.  For all of 
the aromatics, the stable intermediates produced by the mixtures were identical to those 
produced by the neat aromatics.  For the toluene studies, the only intermediate species 
identified were benzaldehyde and benzene.  Of the available toluene, 2.6% was converted 
to benzaldehyde and 1.4% was converted to benzene with a detection limit of 0.025%.  
The studies showed no indication of scission, or addition to the base aromatic ring, and 
all of the autoignition chemistry appeared to originate from the side chain.  Leppard 
further observed that, based upon the fact that the stable intermediates are consistent with 
high-temperature reactor studies, the aromatic autoignition chemistry was controlled by 
high-temperature chemistry.  Several key points can be garnered from this study.  First, 
the benzene ring structure should remain intact in the temperature regime of interest in 
the present study.  Second, the interaction between the fuel components in multi-
component fuels should mainly occur though interaction of the radical pool. 
Ciajola et al. (1993) investigated the oxidation of a 80% toluene and 20% n-heptane 
mixture in a jet-stirred flow reactor operating under pressure (0.7 MPa or 6.9 atm) at 
stoichiometric feed ratio in the low temperature regime (590 K).  The 80% toluene and 
20% n-heptane mixture was selected to create a mixture with approximately the same 
octane number as iso-octane.  Compared to iso-octane the mixture showed lower 
temperatures and delayed reactivity.  Using a GC and GC/MS, a majority of the reaction 
products were identified and quantified over the reaction regime.  Formation of small 
amounts of species usually found in the low temperature oxidation of n-heptane 
(oxetanes, furans, C7 olefins, formaldehyde, acetaldehyde and propanal) and the large 
amounts of benzaldehyde demonstrated that toluene was the main reaction source during 
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the slow combustion of the mixture.  The authors suggested the following mechanism for 
the formation of benzaldehyde.  
 
 
 
22 OCH +φ  ⎯→← OOCH &2φ  
OOCH &2φ  ⎯→← HOCHO &+φ  
RHOOCH +&2φ ⎯→← ROOHCH &+2φ
OOHCH 2φ  ⎯→← HOOCH && +2φ  
ROCH && +2φ  ⎯→← RHCHO +φ  
 
 
 
Once the reaction temperature increased in the transition from slow combustion to the 
higher reactivity state, benzene was formed from the benzaldehyde.  The authors 
suggested the following mechanism for the production of benzene. 
 
 
 
RCHO &+φ  ⎯→← RHOC +&φ
RHOC +&φ  ⎯→← CO+φ&  
RH+φ&  ⎯→← RH &+φ  
 
 
 
Beyond the formation of benzene, no additional decomposition of the aromatic ring 
was observed, attesting to the high stability of the aromatic ring.  The authors noted, that 
when using gasoline fuels enriched with aromatics compounds, the emission of unburned 
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aromatics components along with their dealkylated and oxygenated aromatic derivatives 
have to be expected under cold start conditions. 
Leppard (1992) examined the autoignition of PRF blends and binary blends of 
alkenes/alkanes in a motored engine to investigate the chemical origins of non-linear 
octane blending numbers.  The blending octane number (BON) of a compound was 
determined by mixing 20 %vol of that compound with 80 %vol of 60 PRF (60 %vol iso-
octane and 40 %vol n-heptane).  The octane quality of the mixture was then measured 
using the standard Research and Motor Octane methods.  Stoichiometric mixtures of 2-
butene and n-heptane were examined at engine conditions of 900 rpm, intake pressure of 
60 kPa (0.6 atm), and an intake temperature of 358 K.  The mixture exhibited a 
significantly higher octane quality then neat n-heptane, but significantly lower then neat 
2-butene.  The mixture’s autoignition chemistry was investigated through the 
measurement of the stable intermediates at the highest operable compression ratio prior to 
autoignition.  A comparison between the intermediate species distribution of neat 2-
butene and neat n-heptane indicated that no new intermediates were formed.  The mixture 
intermediates formed exclusively from n-heptane occurred in the same relative 
concentrations as observed for neat n-heptane.  However, this did not apply for the 2-
butene intermediates.  The primary intermediates formed from neat 2-butene was 2,3-
dimethyl-oxirane (cis and trans), acetaldehyde, and 1,3 butadiene in the ratios of 3.61, 
2.85, and 1.0 when normalized to 1,3-butadiene.  In the mixture, the corresponding ratios 
were 0.65, 10.3, and 1.0.  To further investigate this imbalance, mixtures of n-
heptane/1,3-butadiene were examined at 500 rpm, intake pressure of 120 kPa (1.2 atm), 
and intake temperature of 478 K  Similar to the 2-butene/n-hetpane mixture results, the 
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1,3-butadiene/n-heptane mixture produced intermediates derived from n-heptane in the 
same relative ratios as found in neat n-heptane.  Similarly, the 1,3-butadiene showed a 
similar shift away from forming the cyclic ethers towards the formation of aldehydes.  
Leppard suggested that the only interaction between n-heptane and alkene mixtures 
occurred through the small radicals, such as 2OH &  and HO& .  Thus, the key to 
understanding the non-linear octane blending was in understanding how the small radical 
pool grows and how each component of the mixture affects that growth.  Leppard went 
on to argue that after the chain initiation steps start to grow the available radical pool 
(probably due to hydrogen abstraction from the more reactive fuel by molecular oxygen), 
then both the alkane and alkene chain propagating mechanisms will take over and govern 
the growth of the radical pool.  These mechanisms will likely proceed in parallel with 
interactions with the small radicals, and the dynamics of the radical pool growth will be 
controlled by the balance in the production and destruction of these radicals in each of the 
parallel mechanisms.  The addition of the alkenes to n-heptane or iso-octane caused 
higher compression ratios to be required to induce detectable autoignition chemistry.  
Leppard suggest that this was likely due to the higher reactivity of the alkenes with small 
radicals, effectively removing them from the rapid chain branching or propagating 
mechanism of the alkanes and placing them into the slower linear chain propagating 
alkene mechanism. 
Khan (1998) examined a mixture of 4.6% 1-pentene, 14% n-heptane, 49.6% iso-
octane, and 31.8% toluene in a pressurized flow reactor facility at elevated pressures (8 
atm) under lean and dilute conditions over a range of temperatures (600 – 800 K).  The 
mixture was developed by Kahn to mimic the low and intermediate temperature reactivity 
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of several “Industry Standard Fuels” (ISFs), namely, RFA (Auto/Oil Air Quality 
Improvement Research Program Reference Fuel A), a standard Ford test fuel, RFB 
(Auto/Oil Air Quality Improvement Research Program Reference Fuel B), and Indolene.  
The results indicated that it was necessary to add alkene and aromatic content to a 
mixture of n-heptane and iso-octane to more accurately reproduce the reactivity of the 
ISFs.  The addition of the aromatic and alkene to the primary reference fuel blend (PRF) 
resulted in an overall decrease in reactivity and shifted the start of the NTC region 
upward approximately 17 °C.  The intermediate species were quantified utilizing a 
Fourier Transform Infrared Spectrometry (FT-IR) technique which utilizing a single IR 
wavelength to quantify all hydrocarbons of a specific functional group.  Kahn observed 
that the maximum alkene formation occurred at approximately the start of the NTC 
region for PRF blends, but when alkene content was added to the PRF mixtures the 
maximum alkene content shifted to higher temperatures.  During the studies, no apparent 
reactivity of toluene was observed.   
 
2.9 Closure 
As seen by this survey, there have been a significant number of studies on alkanes.  
The mechanisms for larger alkane molecules have become quite sophisticated and the 
mechanism, especially for n-heptane and iso-octane, reasonably predict the production 
and destruction of the intermediate species.  However, improvements in the models are 
still necessary to allow accurate predictions of pollutant formation.  As for alkenes and 
aromatics, significantly fewer studies have examined their oxidation and autoignition 
behavior in the low and intermediate temperature regime.  Even fewer studies have 
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examined fuel mixtures that are more representative of real world automotive fuels.  Most 
mixture studies have examined the mixture of the two primary reference fuels, n-heptane 
and iso-octane, since they are good indicators of the autoignition of “real” fuels.  The 
goal of this study was to examine a fuel mixture that incorporated all of the hydrocarbon 
functional groups present in automotive fuels and to elucidate how each of the functional 
groups influences the autoignition process. 
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3. Experimental Facility & Methodology 
  
3.1 Introduction 
This chapter describes the experimental facility and the procedures used during this 
experimental program.  Section 3.2 describes the Pressurized Flow Reactor (PFR) 
facility.  Section 3.3 describes the gas sampling system and gas storage system.  Section 
3.4 describes the analytical systems used to identify the intermediate combustion species.  
Section 3.5 describes the various operating procedures and methodology used.  Section 
3.6 provides closure for this chapter. 
 
3.2 Pressurized Flow Reactor Facility 
The Pressurized Flow Reactor (PFR) Facility is a plugged flow reactor designed to 
investigate the effects of pressure and temperature on the oxidation of hydrocarbon 
species.  The facility was designed such that chemical processes could be examined in 
relative freedom from fluid mechanics and temperature gradient effects.  The system was 
designed and constructed by Koert and a detailed description of its design and fabrication 
can be found in his thesis (Koert, 1990).  In the intervening years, several modifications 
to the system have been made, such as, the addition of a 3 kW heater (Wang, 1999) and 
the addition of a liquid fuel delivery system (Wood, 1994).  Prior to conducting the 
experiments presented in this thesis, additional extensive modifications to the PFR were 
completed.  These modifications included upgrades to the computer control system and 
LabVIEW code, replacement of the fuel delivery system, modifications to the 
temperature control system, modifications to the gas sampling systems, and other minor 
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modifications.  Independent of these modifications, the basic constructs of the reactor 
have remained unchanged and will be described below. 
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Figure 9: Schematic of Pressurized Flow Reactor Facility 
 
 
 
The general components of the PFR are shown schematically in Figure 9.  The key 
operational feature of the reactor is a quartz reactor tube within a pressure vessel.  To 
achieve high reaction pressures the inside and the annulus between the quartz reactor and 
pressure vessel are maintained at the same pressure.  Nitrogen, oxygen, and air are mixed 
into the PFR system through Porter mass flow controllers (500 slm, 50 slm, and 500 slm, 
respectively).  The nitrogen was supplied by several 350 psi liquid nitrogen storage tanks 
and the oxygen was supplied by several oxygen tanks (Grade 2.6 Extra Dry) all supplied 
by BOC Gas.  The nitrogen and oxygen are used during the experiments to create a 
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synthetic “air” mixture free of contaminates.  The air was supplied through the 
compressed air system in Hess Laboratory which was filter and dried prior to use during 
the preheat stage.  The combined flow rate for these flow controllers should never exceed 
the maximum designed flow rate of 700 slm (standard liter per minute).  These streams, 
often referred to as the “oxidizer” stream, were heated by two heaters, 10 kW and 3 kW.  
Immediately following the heaters, the oxidizer gas is introduced into the horizontal 
stainless steel pressure vessel.  The walls of the pressure vessel were heated via resistive 
bead heaters to establish a uniform temperature profile along the entire test section.  In 
order to minimize the temperature variations along the length of the pressure vessel, 
temperature control was divided into three sections, roughly corresponding to the inlet, 
the test, and the outlet portions of the reactor.  Each section had three 800 W resistive 
bead heaters wrapped around perimeter of the pressure vessel over which, several layers 
of insulation were placed to minimize the heat loss.  To create the reactive mixture, the 
oxidizer and prevaporized fuel/nitrogen streams were rapidly mixed by an opposed jet 
mixing nozzle.  After the nozzle, this mixture flows within a one inch diameter quartz 
tube installed along the centerline the stainless steel pressure vessel.  The quartz tube was 
used to minimize reactions at the wall surface.  The pressure of the entire system was 
controlled by restricting the down stream flow of the exhaust with a high temperature 
needle valve.  The pressure was monitored by two strain gauge pressure transducers, one 
located prior to the mixing nozzle (Daytronic 502-300A) and one located prior to the 
needle valve (Honeywell PPTR-0300A).     
An independently controlled stream of heated nitrogen was used to vaporize the fuel.  
The nitrogen flow was controlled by a fourth Porter mass flow controller (100 slm) and 
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the nitrogen was supplied from the same liquid nitrogen storage tanks noted previously.  
To prevent flow surges from the mass flow controller, a 1-liter surge tank was placed 
immediately after the flow controller.  After the surge tank, the nitrogen was heated by 
two 800 W resistive bead heaters that were wrapped around a twelve foot section of ¼ 
inch stainless steel tubing prior to the injection of the fuel.  The temperature was 
controlled to maintain a nitrogen stream temperature of 20 ˚C to 50 ˚C above the fuel 
vaporization temperature as calculated from the Antoine equation parameters (Appendix 
B).  The fuel was injected into the centerline of the nitrogen stream approximately 3 feet 
from the opposed jet mixing nozzle to provide sufficient time to completely vaporize the 
fuel and to remove any inhomogeneities.  The injection was performed by a 1/16th inch 
OD tube, 0.020 or 0.010 inch ID stainless steel tube which injects tangential to the 
nitrogen flow.   
A water-cooled, glass-lined probe was used to extract samples from the centerline of 
the quartz reactor tube and to provide rapid quenching to stop further chemical reactions.  
The probe temperature was maintained at 80 °C by a circulating water chiller/heater 
(Mokon Pacesetter KV2H08-01).  Extending 2.5 cm past the end of the probe was a type 
K thermocouple for the measurement of the sample point temperatures.  The probe was 
moved along the centerline of the quartz tube to extract samples from various reaction 
times using a linear positioning table, Daedal 20000 series closed frame linear table with 
20 inches of travel accurate to 0.025 mm.  The table was positioned by a Daedal MC 
2000 micro-stepping motor controller with a Compumotor Zeta57-83 stepper motor that 
was operated by a PC.   
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The extracted gas samples were directed to a variety of analyzers, namely, an online 
Siemens Ultramat 22P CO/CO2 NDIR (non-dispersive infrared analyzer), a Biorad FTS-
60A FT-IR (Fourier Transform Infrared Spectrometer) with CIC Photonics Montero 1-
meter heated gas cell, and a J.U.M Instruments total hydrocarbon (THC) analyzer, and to 
a multiple loop storage system for offline analysis.  The Siemens Ultramat 22P has a 0 – 
5000 ppm range for CO with 10 ppm resolution and the CO2 detector has a 0 – 4 %vol 
range with 0.005 %vol resolution (50 ppm).  The THC analyzer has a range of 0 – 15000 
ppm of propane with a resolution of 0.1 ppm of propane. 
 
3.2.1 Facility Upgrades 
As mentioned previously, several major upgrades to the PFR system were made prior 
to these experiments.  A detailed description of each of these upgrades is presented 
below. 
One of the upgrades to the PFR was the development and installation of a new control 
system for the 800 W bead heaters.  The original heater controller system, as designed by 
Koert (1990), utilized Omega CN310KC temperature controllers.  However, these units 
and their associated hardware had been removed at some time in the past and replaced 
with Variacs, possibly at the recommendation of Wood (1994).  The Varacs did not 
permit accurate, repeatable, and straightforward control of the heater system.  All of 
which affected the performance of the PFR by increasing the deviations from the desired 
isothermal temperature profile along the length of the reactor.  Deviations of 20 to 30 °C 
were common prior to the installation of the new temperature controllers.  The new 
control system returns to the original philosophy of using solid-state temperature 
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controllers.  The new system utilizes Omega CN1000-TC temperature controllers 
coupled to electromechanical relays to control the 8 amps of 120V AC used for each bead 
heater.  An electrical schematic of the controller is shown in Figure 10.  With the new 
system, axial temperature profile fluctuations of less then 5 °C are readably achievable 
and very repeatable. 
The aforementioned Biorad FT-IR system was also upgraded during the course of this 
research.  First, the outdated control system was replaced with a “modern” Gateway 
computer running Windows 98 and the software was upgraded to Biorad’s WinIR 
Version 4.  The modernized control system increased usability and flexibility of the FT-
IR.  In addition, the previous CIC Photonics 10 meter variable path length gas cell was 
replaced with a 1-meter CIC Photonics gas cell.  The original 10 meter cell had been 
damaged due to a failure of the associated temperature controller, which caused the cell 
to overheat and warp.  As a result, the cell was difficult to seal for accurate fuel flow rate 
calibrations.  Finally, a Mercury Cadmium Telluride, MCT, detector cooled with liquid 
nitrogen was installed in the FTS-60A FT-IR to significantly improve sensitivity and 
reduce baseline noise.   
The fuel delivery system is one of the most critical components of the PFR system.  
Accurate, repeatable, and stable delivery of liquid fuels is paramount for the accurate 
quantification of intermediate oxidation species.  Prior to this upgrade, fuel flow was 
metered in from a pressurized fuel cylinder controlled by a needle valve coupled to a 
computer controlled stepper motor (Wood, 1994).  However, as the molecular weight and 
energy density of the fuel increased, smaller flow rates were required.  Therefore, “small” 
variations in the flow rate caused by pressure fluctuations between the PFR’s and fuel 
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vessel accounted for larger and larger percentages of the total flow rate.  Two different 
methods of fuel delivery were tested, HPLC pumps and syringe pumps.  HPLC pumps 
from a variety of manufactures were tested with the PFR.  However, oscillations in flow 
rate, inherent with their design, were detectable with the FT-IR.  Furthermore, easily 
vaporized fuels, like 1-pentene, and “dirty” fuels caused the HPLC pistons to loose prime 
resulting in the loss of fuel flow.  Hence, the current system was replaced by a high 
pressure syringe pump (Isco 500D syringe pump).  This pump has a 500 ml fuel reservoir 
and is capable of rates up to 200 ml/min at pressures up to 3,750 psi.  The pump provided 
a constant, highly repeatable flow rate with negligible pressure oscillations.  Most 
importantly, approximate flow rates for a specified experimental condition, e.g., φ=0.4, 
75% N2 dilution, and 8 atm, can be calculated given a fuels density and molecular weight, 
see Appendix B: Calculations for Experimental Conditions.  In addition to the syringe 
pump, the mode of injection was changed to improve mixing and vaporization and 
minimize the formation of large droplets.  The new injection system uses a 1/16th inch 
OD, 0.020 or 0.010 inch ID stainless steel tube.  The ID of the injection tube is 
determined by the syringe pump pressure necessary to deliver the desired flow rate of the 
fuel.  For pump pressures less than 6 atm above the reactor pressure, the 0.010 inch ID 
tube should be used.  If the pressure difference exceeds 6 atm, the injector needs to be 
switched to the 0.020 inch ID tube to prevent over pressurization of the syringe pump.  , 
The variations in the fuel delivery have been substantially reduced and the usability and 
safety of the system has been significantly increased due to the addition of the syringe 
pump. 
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Figure 10: Electrical schematic of bead heater controller. 
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The last major upgrade was the replacement of the Macintosh computer, the National 
Instruments hardware, and LabVIEW Version 4 software with an Intel Pentium III 550 
MHz PC with new National Instruments hardware and LabVIEW Version 6i software.  A 
National Instruments PCI-MIO-16E-4 data acquisition card was installed with a National 
Instruments SCC signal conditioning breakout to communicate with devices that had 
analog outputs, such as, the Siemens Ultramat CO/CO2 analyzer, assorted thermocouples, 
and the Porter mass flow controllers.  Furthermore, a National Instruments serial 
communication card (PCI-232/2) was installed to communicate with the new Isco syringe 
pump and the Honeywell pressure transducer.  Due to the hardware upgrades, software 
upgrades, and the addition of new PFR systems, the current LabVIEW codes had to be 
updated.  The result of the data acquisition upgrades improved stability, increased 
functionality, improved measurement accuracy, and increased system monitoring 
capability.  Extensive discussion and documentation of the updated LabVIEW code can 
be found in Appendix A: LabVIEW Data Acquisition and Control System.   
 
3.3 Experimental Methodology 
Two different types of experiments were conducted for this experimental study.  The 
first type of experiment, referred to as a controlled cool down (CCD) experiment or a 
reactivity mapping experiment, examines the reactivity of a fuel over a range of 
temperatures at fixed residence times and pressures.  The second type of experiment, 
referred to as a constant inlet temperature (CIT) experiment, examines the reactivity of a 
fuel over a range of residence times at a fixed temperature and pressure.  The 
combination of the CCD and CIT experiments provide valuable information about the 
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reactivity of a fuel in both the temperature and time domain.  Details of both types of 
experiments will be briefly discussed next. 
 
3.3.1 Controlled Cool Down Operation 
Prior to a CCD experiment, the reactor was preheated to slightly above the maximum 
desired experimental temperature, nominally 800 K.  This preheat stage was 
accomplished by flowing air at one atmosphere from the building compressed air system 
at the same bulk flow rate as the experimental conditions so that the heat transfer rate 
remains constant and does not alter the temperature profile.  At a probe temperature of 
approximately 75 ˚C, the Moken water circulating pump was enabled to keep the water in 
the probe from vaporizing and the PFR probe seals from melting.  Typically, the duration 
of the preheat stage takes approximately 6-7 hours for the system to reach nearly 
isothermal conditions.  The temperature profile of the reactor was determined by taking 
sample point temperature measurements along the length of the reactor, typically every 
2.5 cm.  The bead heaters along the length of the reactor were adjusted until a nearly 
constant profile was achieved, less then +/- 5 ˚C.  Subsequently, the air flow was 
transferred to two nitrogen flow streams, the first was the main “oxidizer” nitrogen 
stream and the second was the nitrogen stream for fuel vaporization.  Once the nitrogen 
flow rates had stabilized, the fuel vaporization line was heated to its operating 
temperature.  Next, the reactor was pressurized to the desired operating conditions.  At 
this point, a flow of approximately 5-6 l/m was continuously extracted to allow the 
preheating of the transfer lines to the suite of online analyzers and offline sample storage 
system.  Once the system had stabilized at the desired temperature, pressure, and flow 
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rates, fuel was introduced in order to calibrate the fuel flow rate to the desired 
concentration.  Once calibrated, one sample was extracted and stored in the multiple loop 
sample storage system for later offline analysis.  After calibration, a portion of the main 
nitrogen steam was transferred over to oxygen and the system was allowed to stabilize.  
Finally, the 10 kW and 3 kW heaters are shutdown so that the system temperature cooled 
at a rate of 2-5 ˚C/min.  During the CCD experiments, the pressure of the system would 
typically relax, therefore, the pressure regulating valve was manually adjusted to 
maintain the desired pressure.  Using this manual technique, the pressure may be 
maintained at the desired pressure within ± 0.05 atm.  
As the reactor cooled, the residence time of the sample would increase, hence, the 
LabVIEW VI (Appendix A) controlled the position of the probe to maintain a constant 
residence time.  This was accomplished by measuring the flow temperature with the 
thermocouple located at the tip of the sampling probe, the pressure of the reactor, and the 
current position of the probe.  Given the desired residence time and the bulk flow rate, the 
current residence time of the probe was calculated along with the necessary probe 
position adjustment.  The original method for this closed loop control system was 
developed by Koert (Koert, 1990; Koert and Cernansky, 1992), however the error 
detection algorithm and minimum step size was changed for these experiments.  The new 
algorithm detects errors in the pressure and temperature measurements by comparing the 
requested probe increment with a user specified value, nominally 0.2 cm.  The allowable 
increment may be adjusted on-the-fly to allow the initial positioning of the probe during 
the start of a CCD experiment.  Both Koert’s and the new techniques assume that the 
reactor temperature is uniform from the inlet to the probe sample point when calculating 
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the desired position.  Typically, the difference between the calculated position and actual 
position of the probe was less than 0.025 cm, which would typically result in residence 
time errors of less than 0.2 ms for low flow rate experiments.  The primary source of 
positional errors results from the calculation of the residence time distribution along the 
length of the reactor.  Several factors significantly affect the calculated residence time 
distribution, specifically, temperature, pressure, the volume of the reactor, and the 
volumetric flow rates of the mass flow controllers.  Using a propagation of error analysis, 
the residence time errors were estimated to be between 10 – 20%.  The primary source of 
errors was a result of the mass flow controllers, specifically the mass flow controller for 
the primary nitrogen flow.  The second most significant source of error was from the 
diameter of the quartz reactor vessel.  Hence, the errors can be minimized by increasing 
the accuracy of the primary nitrogen flow and by accurate measurements of the quartz 
tube diameter, preferably at several axial locations.   
During the cool down phase, the CO and total hydrocarbon content (THC) were 
continuously monitored with the Siemens Ultramat 22P NDIR and J.U.M. THC analyzer.  
Gas samples were extracted at selected temperatures across the reactivity map of the fuel 
into the remaining 14 sample loops of the multiple loop sample storage system for later 
offline analysis.  When a sample was desired, the multiple position valve was 
electronically actuated switching the flow to the next loop, thus trapping the sample in 
the desired loop.  Each 10 ml sample represents a discrete sample of the combustion 
products at one temperature, since the associated temperature variation during sampling 
was less then 0.02 ˚C.   
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It is important to note that the samples are referenced to the temperature measured at 
the tip of the sample probe and not the inlet temperature.  Unless otherwise noted, all 
temperatures reported will be the sample point temperatures.  It had been assumed, for 
probe positioning calculation purposes, that the inlet temperature and the sample 
temperature are identical.  In reality, the sample temperature was always higher then the 
inlet temperature for several reasons.  First, the temperature of the nitrogen used for fuel 
vaporization was substantially below that of the main bulk stream, therefore, a thermal 
mixing distance was required to achieve thermal equilibrium between the two streams.  
Secondly, the oxidation of the parent fuel was an exothermic reaction, which resulted in 
an increase of the bulk gas stream temperature.  As the reactivity increased, the amount 
of heat released to the surrounding gases increased.  Ramotowski (1992) developed a 
method to deduce the actual inlet temperature.  The method plots the sample temperature 
with respect to time, and then removed the sample points where significant reactivity 
occurred.  A curve was fitted to the “non-reacting” temperature profile to approximate the 
actual cooling characteristics of the inlet.  Subtracting the deduced inlet temperatures 
from the sample temperatures resulted in an approximation of the temperature rise due to 
heat release.  Unlike Ramotowski, a second order polynomial model, instead of a linear 
model, was utilized for the non-reacting cool down temperature profile.  An example of 
the temperature history and curve fit is shown in Figure 11.   
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Figure 11: Typical sample temperatures and inlet temperatures during a CCD experiment. 
 
 
 
3.3.2 Constant Inlet Temperature Operation 
Constant inlet temperature (CIT) experiments were used to examine the 
decomposition of a fuel over a range of residence times at fixed temperatures and 
pressures.  A procedure similar to that of a CCD experiment was employed for a CIT 
experiments. 
The system was preheated and fuel flow rates were calibrated in the same manner as 
stated previously.  However, the probe was positioned at the end of the reactor vessel, 38 
cm, during the fuel flow rate calibrations.  Once calibrated, one sample was extracted and 
stored in the multiple loop sample storage system for later offline analysis of the initial 
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fuel concentration.  Next, a portion of the main nitrogen steam was transferred to oxygen 
and the system was allowed to stabilize.  However, unlike the CCD experiment, the 
heaters are left on to maintain the system at the desired temperature.  The 14 samples 
were then extracted along the length of the reactor starting at 36 cm.  The residence time 
was then reduced by moving the probe inward by 2.0 cm.  At each residence time, gas 
samples were continuously extracted and flowed through the desired loop for one minute 
to insure that the sample collected was representative of the desired residence time.   
This method allows for the examination of fuel decomposition over a range of 
residence times at fixed temperatures and pressures and has been widely used in previous 
flow reactor studies (Dryer and Brezinsky, 1986; Hoffman and Litzinger, 1991; Wood, 
1994; Prabhu et al., 1996).   
 
3.4 Gas Analysis System 
3.4.1 Introduction 
Several different methods of gas analysis were utilized to identify and quantify the 
intermediate and product species.  During the experiments, online analysis of CO, CO2, 
and the total hydrocarbon content was accomplished utilizing the Siemens Ultramat 22P 
NDIR and the J.U.M. THC analyzers.  Offline analysis of stable species was 
accomplished using a Thermo Finnigan TraceDSQ mass spectrometer (MS) coupled with 
a Thermo Finnigan TraceGC gas chromatograph (GC).  As noted, for the off-line 
analysis, a multiple loop sample storage system was used to temporarily store the gas 
samples.  A schematic of the gas transfer system to each of the analyzers is shown in 
Figure 12.  The sample flows from the probe through a series of transfer lines to the 
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analyzers.  The first line, connecting the probe to the sample storage system, was a ¼ 
inch flexible 316 stainless steel hose from Technical Heaters, Inc. (500F) which was 
rated up to 260 °C.  For these experiments, the transfer line was maintained at 190 °C to 
maintain a gas flow temperature of approximately 110 °C.  The transfer line was 
approximately 2.0 meters long and has 2 type-K thermocouples (Omega HGKMQSS-
125-E-6) located immediately adjacent to the ends of the line to monitor the gas stream 
temperatures. 
 
 
 
 
Figure 12: Schematic of gas transfer system. 
 
 
 
After the gas flow had passed through the sample storage system, which was 
maintained at 120 °C, the flow was split between the CO/CO2 analyzer and the THC 
analyzer.  For the THC analyzer, the gas was transferred through a 1/8 inch 316 stainless 
steel tubing which was heated by several heating tapes (Omega FGH101-060 and Omega 
 69
FHS051-020) to a heated pressure drop apparatus.  This device was used to maintain a 
sample pressure of approximately one atm required by the J.U.M THC analyzer.  The 
pressure drop device was enclosed in a Valco Instrument Company heated sample box 
and maintained at a temperature of 125 °C.  A schematic of the pressure drop device is 
shown in Figure 13.  The flow from the “exhaust” of the pressure drop device was 
maintained at approximately 1.5 – 2.0 l/m to ensure sufficient sample flow for THC 
analyzer.  
 
 
 
 
Figure 13: Schematic of J.U.M. THC Analyzer pressure reduction system. 
 
 
 
For the CO/CO2 analyzer, the gas was transferred through a 1/8 inch 316 stainless 
steel tubing which was not heated to allow condensation of water vapor and 
hydrocarbons which could affect the infrared measurement of CO and CO2.  The flow 
though the analyzer was maintained at approximately 3.0 l/m to ensure accurate 
measurement.  
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3.4.2 Fuel Flow Rate Calibration and Analysis 
A new method for the calibration of the fuel flow rate was developed for this research 
project.  Previous studies utilized the BioRad FTS-60A FT-IR with the CIC Photonics 
Montero 1-meter gas cell to calibrate fuel flow rates in the PFR.  Although extremely 
effective for calibration, several problems and some foreseeable complications have 
necessitated the development of a better method to calibrate the fuel flow rates.  First, as 
the molecular weight, and thus boiling point, of the fuels have increased it has become 
increasingly difficult to prevent condensation of fuel on “cool” sites in the Montero gas 
cell.  Secondly, if two different infrared wavelengths were chosen for calibration, then 
two different fuel flow rates would usually be determined.  Finally, if an experiment was 
repeated, then the resulting calibrated flow rates were often significantly different (>10%) 
due to the variability of the FT-IR.  Consequently, a new technique utilizing the J.U.M. 
Total Hydrocarbon (THC) analyzer was developed.  The THC utilizes a flame ionization 
detector and measures the ions generated from the combustion of a sample.  The 
advantage of this type of detector is that it only responds to combustible materials and not 
stable species such as water, CO, and CO2 and is extremely linear over a large dynamic 
range.  However, the ion generated for a particular hydrocarbon sample is dependent on 
its chemical formula, most significantly on carbon number, but also hydrogen content.  
As a result, the detector must be calibrated using a standard with known fuel structure.  
However, the resulting signal may be corrected by scaling the samples carbon number to 
that of the calibration carbon number.  A calibration standard of 1720 ppm of propane in 
nitrogen was utilized for this research program. 
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The initial approximations of fuel flow rates were calculated from the fuel density, 
empirical formula, and other system parameters.  An Excel spreadsheet, developed by 
Wang (1999) and updated for this research program, was used for these calculations.  A 
detailed explanation of this spreadsheet can be found in Appendix B.  While the PFR was 
operating at the desired experimental conditions and utilizing the estimated fuel flow 
rates calculated previously, gas samples were continuously extracted with the probe at the 
desired experimental residence time for the measurement of the THC.  For a given flow 
rate, the concentration typically did not vary more then 1 – 2 % and was allowed to 
stabilize for approximately 5 minutes prior to the measurement.  If variations of greater 
then a few percent were observed, typically caused by instability of the nitrogen flow to 
the fuel vaporization system, then additional nitrogen was utilized for the fuel 
vaporization process.  Next, a comparison between the measured response and the desired 
response were made and the flow rate was either increased or decreased accordingly.  
Several iterations using this method resulted in a calibrated flow rate.  A typical fuel flow 
rate calibration curve for this research program, shown in Figure 14, had an R2 value of 
greater then 0.980 when a linear least squares line was fitted to the data.  The calculations 
and comparisons were done automatically using a Microsoft Excel spreadsheet.   
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Figure 14:  Typical fuel flow rate calibration curve for J.U.M. THC analyzer. 
 
 
 
Once the calibration curve was determined, the average between the calculated flow 
rates corrected by molecular weights and carbon number was utilized for the 
experiments.  Contrary to fuel flow calibrations performed by FT-IR, the calibrations 
derived from the THC analyzer were extremely stable and reproducible days later.  This 
stability, in conjunction with the repeatability of the high pressure syringe pump, allowed 
for fuel flow rate calibrations to be conducted only for the CCD experiments and utilized 
for both CCD and CIT experiments.  In addition to calibration, THC measurements were 
also made during both CCD and CIT experiments and were recorded as part of the 
LabVIEW generated experimental data archive. 
 
3.4.3 Intermediate Species Analysis 
3.4.3.1 Siemens Ultramat NDIR 
The Siemens Ultramat 22P NDIR was used extensively during these experiments to 
measure CO and CO2 production/destruction.  Samples were extracted from the PFR 
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through the sampling probe and transported through two sections of tubing.  The first 
section was the heated tubing used jointly for the THC analyzer and the multiple loop 
sample storage system.  The second section was an unheated, 1/8-inch OD, 1.5 m long, 
stainless steel tubing.  Flow through the analyzer was maintained at 3 l/min by using a 
stainless steel needle valve (Swagelock SS-SS2).  The residence time through the two 
sections of tubing was less then 5 seconds.  As a result, the temperature in the reactor 
decreases by no more then 0.4 °C during the sample extraction and transfer processes.  
Prior to each experiment, the analyzer was calibrated for its zero point using N2 gas from 
the liquid nitrogen storage tanks.  Furthermore, the accuracy of the analyzer was tested 
using several different CO calibration standards.  Nominally, the error between the 
standard and measurement was within 5%.  During the experiments, the CO and CO2 
measurements were recorded as part of the LabVIEW generated experimental data 
archive. 
 
3.4.3.2 Multiple Loop Sample Storage System 
In order to transfer and temporarily store the samples for offline analysis, a multiple 
loop storage system was utilized  The sample storage system, originally designed by 
Koert (1990) and used extensively by previous researchers, was reconstructed for use 
with the PFR system.  A schematic of the valve system is shown in Figure 15.  A Valco 
16 position (Valco DCST16MWE) electrically actuated valve with 16 10 mL Valco 
stainless steel sample storage loops (Valco SL10KCSTP) were the used for storing the 
extracted gas sample.  A Valco 4 port switching valve was attached to the inlet and outlet 
of the Valco 16 position valve to control the flow through the sample loops.  The valves 
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and sample loops were housed in a Cole-Parmer heated oven that was maintained at 
120 °C.  The original oven heater controller was replaced with an Omega temperature 
controller (Omega CN3910AKC), as the original controller had malfunctioned on several 
occasions.  The storage system was placed inline before the Siemens CO/CO2 analyzer 
and J.U.M. THC analyzer.  During experiments, gas was continuously flowing through 
the desired sample loop in the multiple loop storage system.  When a sample was desired, 
the multiple position valve was actuated switching the flow to the next loop, thus 
trapping the sample in the desired loop.  Up to 15 discrete samples can be stored in this 
fashion with the remaining loop used to evacuate the transfer lines prior to injection into 
the offline analyzers. 
 
 
 
 
Figure 15: Valve diagram of multiple loop sample storage cart. 
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Once filled, the multiple loop storage system was transferred to the Thermo Finnigan 
GC/MS where each loop was individually injected for species identification and 
quantification.  The GC injection was controlled with the aid of a 6 port and 4 port 
electronically actuated valve with a 1 mL sample loop (Figure 16).  To ensure constant 
mass injections into the GC, the pressure, temperature, and volume of the sample must be 
held constant.  Therefore, the valve and sample loop were maintained at a constant 
temperature of 150 °C using the GC’s valve oven.  The pressure inside the sample loop 
was held constant at 570 torr (0.75 atm) as measured by a Setra pressure transducer 
(Model 204) and the extra pressure from the sample cart was metered out by vacuum.   
 
 
 
 
Figure 16: Schematic of GC injection system. 
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3.4.3.3 Thermo Finnigan GC/MS System 
The majority of the stable intermediate species were identified and quantified with the 
Thermo Finnigan TraceDSQ mass spectrometer coupled with a Thermo Finnigan 
TraceGC gas chromatograph (GC) with flame ionization detector (FID).  For 
chromatographic separation, a Supelco Petrocol DH column (100 meter, 0.5 µm film 
thickness, 0.25 mm OD) was installed in the TraceGC.  Identification of the unknowns 
was accomplished by retention time matching and/or by matching of the measured MS 
spectrum.  The spectra for the unknown compounds were compared to the NIST’02 
database which contains spectra of 147,198 compounds.  The quantification of the 
identified compounds was accomplished using a flame ionization detector (FID) in the 
TraceGC.  The settings for the TraceGC and the TraceDSQ are specified in Table 1. 
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Table 1: TraceGC and TraceDSQ Method Parameters 
GC Parameters Setting 
Inlet Parameters 
 Inlet Mode Constant Flow Rate 
 Inlet Pressure ~28 – 60 psi 
 Inlet Temperature 250 °C 
 Column Flow 1.7 ml/min 
 Split Ratio 50:1 
 Split Flow 85 ml/min 
 Septum Purge  
 
Oven Temperature Parameters 
 Initial Temperature -20 °C 
 Initial Time 10 minutes 
 Ramp #1 Rate 4 °C/min 
 Ramp #1 Temperature 40 °C 
 Ramp #1 Hold time 5 min 
 Ramp #2 Rate 2 °C/min 
 Ramp #2 Temperature 120 °C 
 Ramp #2 Hold time 10 min 
 Post Analysis Temperature 220 °C 
 Post Analysis Pressure 60psi 
 Post Analysis Time 10 minutes 
 
Auxiliary Parameters 
 Valve Oven Temperature 150 °C 
 MS Transfer line Temperature 200 °C 
   
Valve Timing Parameters 
 Prep Run – Valve #1 OFF (Vacuum) 
 0.00 min – Valve #2 ON (Sample Injection) 
 3.00 min – Valve #2 OFF 
 4.00 min – Valve #1 ON 
 
MS Parameters Setting 
 Ion Source 200 °C 
 Filament Delay Time 10.75 min 
 Chromatographic Filter 4 sec 
 Scan Rate 250 amu/sec 
 Multiplier Voltage ≈1200 V 
 Ionization Mode EI 
 Electron Energy 70 eV 
 Emission Current 100 µA 
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In order to cool the GC below ambient temperatures, cryogenic cooling was utilized.  
This required connection of liquid CO2 to the cryogenic cooling valve.  Liquid CO2 dip 
tube cylinders (CD-GSY, size 300) from BOC Gas were used and typically each cylinder 
would last approximately 6 – 7 GC injections.  The cryogenic cooling was used since the 
Petrocol DH column was primarily designed to separate larger molecular weight 
hydrocarbon species and thus did not separate the lighter hydrocarbons without cooling 
the column below ambient temperatures.  Furthermore, long method times were required 
to get adequate separation of the hydrocarbons with similar boiling points, such as n-
heptane and 3-heptene, and to allow separation of the large number of hydrocarbons 
expected during oxidation of the four component mixture. 
To permit simultaneous identification and quantification, the flow from the Petrocol 
DH column was split between a flame ionization detector (FID) and the mass 
spectrometer (MS).  While it is possible to accomplish both quantification and 
identification with only the MS, the ionization process in the MS was not sufficiently 
stable to allow for all of the experiments to be conducted without a significant decrease in 
ionization due to dirty ion source and lenses.  Furthermore, it was time and cost 
prohibitive to either synthesize or purchase all of the intermediate species that will be 
produced during the oxidation of the fuel making the quantification of the species 
difficult since the MS ionization efficiency can be very sensitive to chemical structure.  
Therefore, use of the FID detector, which is insensitive to structural isomers, was very 
desirable.  The split between the FID and MS was accomplished using a low dead volume 
tee and two different diameters of fused silica tubing.  The tubing used for the MS split 
was approximately 1.0 meters long with an inner diameter of 0.110 mm.  The tubing used 
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for the FID was approximately 0.77 meters with an inner diameter of 0.150 mm.  
Utilizing this combination of tubing permitted a FID to MS flow split ratio of 
approximately 2:1.  However, this method is not without disadvantages.  First, the 
Petrocol DH column was designed for non-polar compound separation, thus its ability to 
separate polar compounds, such as aldehydes, ketones, and ethers, was significantly less 
effective than for alkanes and alkenes.  Second, the FID detector was significantly less 
sensitive to oxygen containing hydrocarbons.  As a result, species such as formaldehyde 
(CH2O) were not quantified with the FID and most oxygenate species had significantly 
larger calibration errors.  Regardless, the advantages of the FID and column selection 
greatly outweighed the disadvantages. 
 
3.4.3.4 Calibration and Quantification 
As noted previously, many of the compounds that needed to be identified will not 
have associated calibration curves due to the inability to purchase standards.  The lack of 
standards was especially prevalent with the cyclic ethers and to a lesser extent for ketones 
and branched alkanes and alkenes.  As a result, quantification of these compounds was 
accomplished employing the calibration curve of a similar molecule.  If the molecule was 
of different molecular weight, then a correction factor based on the calibration molecule’s 
carbon number divided by the identified molecule’s carbon number was used.  
Employing this technique with two known compounds, the errors associated with this 
correction are approximately 1% for one carbon atom difference, and approximately 3% 
for two carbon atom difference.  As a result, all correction factors for unknown 
compounds were generally limited to a 1 or 2 carbon number difference. 
 80
Since formaldehyde was a major combustion intermediate, a procedure to estimate its 
concentration was developed since quantification with the FID was not possible.  
Although direct measurement of formaldehyde was possible with the MS, a new 
calibration curve prior to each experiment would have been required due to the variability 
in the MS signal over time.  Since immediately prior to and following each experiment a 
quality control (QC) standard, a mixture of 100 ppm of C1-C5 alkanes, was analyzed to 
ensure proper operation of the GC/MS system, this information was utilized to estimate 
the formaldehyde concentration.  The estimation method measured the total ion count 
(TIC) response of the MS to formaldehyde and then scaled the value by the ratio of the 
concentration of propane to the average TIC response of propane in the QC standards.  
Then a correction factor was applied to correct for the differences in carbon number 
between propane and formaldehyde and to the response difference between oxygen and 
non-oxygen containing compound, shown below.  During a series of GC/MS tests, the 
response difference between propane and butane versus that of propanal and butanal was 
determined to be approximately 1.6.   
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Finally, analysis of variance (ANOVA) and regression analysis were employed in an 
effort to quantify the errors associated with the quantification of the intermediate 
combustion species.  The result of this analysis was the uncertainty of a single value, Sy, 
calculated from the calibration curve.  The equations utilized for the analysis are show 
below. 
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m = number of measurements of the unknown sample (always, 1) 
N = number of calibration curve points (typically, 3-5) 
y = FID area count of calibration species 
x = concentrations of calibration species 
yi = FID area count of unknown species 
 β = slope of linear least squares fit to calibration points 
 
The results of this analysis are included in all of the quantification graphs for each of the 
fuels examined in this program.  However, it is important to note that this analysis does 
not include other sources of errors, such as sample extraction errors, variations in reactor 
flow rates, possible decay of the samples prior to analysis, or errors resulting from carbon 
number correction factors. 
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3.5 Reactant Gasses and Fuels 
 During the course of these experiments a variety of gases, fuels, and calibration 
standards were used.  For the operation of the PFR facility, all of the gases were supplied 
by BOC Gases.  The nitrogen was supplied as a liquid and had a minimum purity of 
99.999 %.  The oxygen, Grade 2.6, supplied by BOC had a minimum purity of 99.6 %.  
The parent fuels, 1-pentene, n-heptane, 2,2,4-trimethyl-pentane, and toluene, were 
supplied by Sigma-Aldrich Chemical Company or its subsidiaries and were as pure as 
economically feasible, ranging from 99 to 99.9 % as described below.  These fuels were 
then blended on a volumetric basis to obtain the four component mixture.  Each fuel was 
subsequently tested in the Thermo Finnigan GC/MS to determine the major impurities.  
For the 99+ % 1-pentene, Fluka Part #76971, Lot # 365593/1 34901, the major impurities 
identified were 2-methyl-1-butane and 1,2-dimethyl-cyclopropane.  For the 99.7+ % n-
heptane, Riedel-de-Haën Part #15677, Lot # 12180, the major impurities identified were 
3-methyl-hexane, 3-ethyl-pentane, methyl-cyclohexane, and ethyl-cyclopentane.  The 
most abundant was 3-methyl-hexane with a concentration of around 3 ppm at the n-
heptane experimental conditions.  For the 99.9+ % 2,2,4-trimethyl-pentane, Sigma-
Aldrich Part # 27035-0, Lot # LI 04363 KI, the major impurities identified were n-
heptane, 2,3-dimethyl-pentane, 3-methyl-hexane,  and 2,2-dimethyl-hexane.  For the 
99.5+ % toluene, Fluka Part #89683, Lot #420327/1 25100, the major impurity was 
identified as 1,2-dimethyl-cyclopentane. 
 For the gas chromatography, helium was used as the carrier and make-up gas, while 
hydrogen and air were used for the flame ionization detector.  All of the GC gases were 
obtained from BOC Gases.  The helium, Grade 6.0, had a minimum purity of 99.9999 % 
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with the maximum impurities accounting for 1 ppm.  The air, Grade Zero 0.1, had a 
minimum purity of 99.5 % and contained less then 0.1 ppm total hydrocarbon content.  
The hydrogen, Grade 5.5, had a minimum purity of 99.9995 % with the maximum 
impurities accounting for 5 ppm.   
Calibration standards for the identification and quantification of the intermediate 
oxidation species involved using both gaseous and liquid standards.  All gas standards 
were obtained from Scott Specialty Gases in Scotty-17 or Scotty-48L canisters.  These 
standards had an accuracy of ± 10% of desired concentrations.  Approximately half of the 
Scott Specialty Gas standards were only available at 3 concentration levels, 15, 100, and 
1000 ppm.  The remaining Scott standards were utilized for retention time matching of 
unknown compounds.  The majority of the liquid standards were obtained from 
Accustandard and Sigma-Aldrich Chemical Company.  Most of the standards obtained 
from Accustandard were mixtures of 25 – 35 chemical species.  Three to five injections 
of each standard were utilized to produce the calibration curve for the liquid samples.  
The following table documents which standards were used, their sources, there 
documented accuracy (if given), and the number of injections used to establish a 
calibration curve. 
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Table 2: Calibration standards employed for quantification of intermediate combustion species. 
Mixture Phase Species Accuracy Carbon Number 
Source 
(Part #) Lot # Injections 
PIANO 
Aromatics L 38 N/A C6 – C12 
Accustandard 
(ASTM-P-0033) A9030164 3 
PIANO 
iso-
Paraffins 
L 35 N/A C5 – C10 Accustandard (ASTM-P-0032) B3120259 5 
PIANO 
Olefins L 25 N/A C5 –C10 
Accustandard 
(ASTM-P-0035) B2040312 3 
Alcohols L 6 N/A  Accustandard (PS-13C) B2070081 3 
Alcohols L 6 N/A  Accustandard (PS-11C) B2050096 3 
Ketones L 4 N/A  Accustandard (PS-41C) A9110322 3 
Ketones L 4 N/A  Accustandard (PS-42D) A9110327 3 
Alkene 
15ppm G 5 10% C2 – C6 
Scott Gas 
(Mix 3) 102905B 1 
Alkene 
100ppm G 5 5% C2 – C6 
Scott Gas 
(Mix 235) 309903D 1 
Alkene 
1000ppm G 5 5% C2 – C6 
Scott Gas 
 (Mix 235) 103001D 1 
iso-
Butylene 
50ppm 
G 1 5% C4 Scott Gas  (Mix 702) 103002D 1 
iso-
Butylene 
100ppm 
G 1 5% C4 Scott Gas  (Mix 703) 033302D 1 
iso-
Butylene 
1000ppm 
G 1 5% C4 Scott Gas  (Mix 704) 103003D 1 
Alkane 
15ppm G 1 5% C1 – C7 
Scott Gas 
(Mix 243) 309905D 1 
Alkane 
100ppm G 1 5% C1 – C6 
Scott Gas 
(Mix 220) 120101D 1 
Alkane 
1000ppm G 1 5% C1 – C6 
Scott Gas 
(Mix 224) 309904D 1 
Methyl-1- 
Alkenes G 5 10% C4 – C6 
Scott Gas 
(Mix 5) 310003D 1 
Methyl-2- 
Alkenes G 4 10% C5 – C6 
Scott Gas 
(Mix 6) 309902D 1 
Methyl-
Alkanes G 6 10% C4 – C6 
Scott Gas 
 (Mix 2) 309809D 1 
Alkynes 
15ppm G 4 10% C2 – C4 
Scott Gas 
(Mix 30) 025605D 1 
C4s G 8 10% C4 Scott Gas (Mix 55) 025606D 1 
Cyclo-
alkane 
15ppm 
G 4 10% C5 – C7 Scott Gas (Mix 8) 026602A 1 
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It was necessary to inject the liquid standards into the GC in the gas phase to allow 
direct comparison with the gas phase standards.  Hence, the liquid samples were injected 
into a vaporization chamber, and then diluted with air (BOC Grade Zero 0.1) to yield a 
gaseous phase of the liquid standard.  However, prior to these experiments, the 
vaporization chamber used in previous studies (Agosta, 2002) was modified to allow for 
more precise measurements of the fuel injection pressure rise.  The previous method 
utilized a single pressure transducer which had a range of 0 – 1293 torr (0 to 25 psia) with 
a resolution of 0.1 torr (Setra Model 204).  However, when vaporizing a pure fuel like n-
heptane a difference of 0.1 torr in the initial pressure rise could result in a difference of 
131.5 ppm, thus not allowing for accurate calibration curves.  Therefore, a high-
resolution, low-pressure, pressure transducer (Setra Model 760) was added to the 
vaporization chamber, however its range was limited to 0 to 20 torr.  Therefore, the 
pressure rise from the fuel injection was measured with the new transducer and the 
original transducer measured the subsequent addition of air to 760 torr.  Using the high-
resolution transducer, pressure measurements of less then 0.005 torr were possible.  
Significant improvements in the linearity of calibration curves were observed, resulting in 
the significant decrease of calibration quantification errors.  These improvements can be 
illustrated since several species were calibrated by both the Scott’s gas phase standards 
and the liquid phase vaporization method.  The calibration curves for both 1-pentene and 
1-hexene are shown in Figure 17 and are typical of the overlap between gas phase and 
liquid phase calibrations. 
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Figure 17: Typical calibration curves for liquid and gas phase calibration standards. 
 
 
 
3.6 Closure 
The experimental techniques and procedures described in this section were used to 
obtain the experimental results from 1-pentene, n-heptane, 2,2,4-trimentyl-petane, and the 
surrogate mixture.  The results of neat toluene are not included, since neat toluene did not 
react at all conditions examined.  The results of these experiments will be discussed in the 
following chapters. 
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4. Results of 1-Pentene Oxidation 
 
4.1 Introduction 
This chapter describes the experimental results from the oxidation of 1-pentene in the 
pressurized flow reactor facility.  The first section describes the experimental conditions 
and procedures unique to the 1-pentene experiments.  Section 4.3 presents the results of 
the CCD experiment.  Section 4.4 discuses the governing chemistry of the 1-pentene 
oxidation chemistry and Section 4.5 provides closure for this chapter. 
 
4.2 Experimental Conditions 
Only one of the primary PFR experiments was conducted for 1-pentene, the 
Controlled Cool Down (CCD), due to the inability to purchase the additional quantities of 
high purity 1-pentene needed for the CIT experiment.  In order to allow for direct 
comparison to the experiments of Wood (1994), identical experimental conditions and 
similar fuel purities were used, >99% for this study, 99% for Wood’s study and 95% for 
Prabhu’s study.  However, at these conditions, pressure of 8 atm, dilution of 77.6%, and 
equivalence ratio of 0.4 (2500 ppm fuel), no reaction was observed over the 600 to 800 K 
temperature regime.  Thus, a series of experiments were conducted to establish the exact 
conditions under which the fuel reacted.  The conditions had to provide sufficient 
reactivity to allow detailed speciation of the intermediate species while minimizing the 
temperature rise along the length of the reactor.  After several experiments, a pressure of 
8 atm, dilution of 70%, and equivalence ratio of 0.5 (4184 ppm fuel) was determined as 
an acceptable balance between heat release and reactivity.  This condition required 
approximately 67% more fuel then Wood’s experiments.  Given the number of 
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experiments by Wood, and the follow-up experiments conducted by Prabhu (1997),  it is 
unlikely that there were errors in the reported conditions or unrepeatable conditions.  
With the higher fuel concentrations required by high octane number fuels, the 
experiments become very sensitive to fuel impurities, temperature gradients, or 
fluctuations in flow rates as this can result in a sufficient radical pool to initiate the 
reaction of the parent fuel.  Although a precise cause for the difference in acceptable 
experimental conditions is unknown, it was assumed that one or more of these issues 
were the cause.   
The calibration for the fuel flow rate was accomplished using the J.U.M. THC 
analyzer during the CCD experiment as described previously.  After establishing the 
calibrated fuel flow rate and prior to the conversion of the “makeup” nitrogen to oxygen, 
a fuel calibration sample was extracted to confirm the fuel calibration point with the 
GC/MS.  The desired experimental conditions used for the fuel calibration was a pressure 
of 8.0 atm, equivalence ratio of  0.5, and dilution of 70%, which equates to a fuel 
concentration of 4184 ppm.  Upon analysis of the fuel calibration sample by GC/MS, 
slightly more 1-pentene was present than the calibration indicated.  This was expected 
due to the structural differences between the 1-pentene and the THC span gas, n-propane.  
The experimental conditions were recalculated based upon the 4270 ppm 1-pentene 
concentration, Table 3.  It should be noted that even these conditions might not be exact 
due to the procedure used during the calibration.  Since two different mass flow 
controllers are used for the conversion between the “makeup” nitrogen and the oxygen, it 
is reasonable to assume that conversion between these two streams may not be exact. 
 
 
 89
 
Table 3: Experimental conditions for the 1-pentene experiments 
Pressure 
(atm) 
Equivalence 
Ratio 
Residence Time
(ms) 
Dilution 
(%) 
Fuel 
(ppm) 
8.0 ± 0.25 0.51 175 ± 15 70.0 4276 
     
Fuel 
(ml/min) 
Fuel 
(mol/mol-total) 
Nitrogen 
(mol/mol-total) 
Oxygen 
(mol/mol-total) 
Velocity @ 
801 K 
(cm/sec) 
2.011 0.00427 0.93298 0.06276 189.0 
 
 
 
4.3 Results of the 1-Pentene CCD Experiment 
The CCD experiment was conducted over the temperature range of 610 to 800 K and 
a strong negative temperature coefficient (NTC) behavior was observed, Figure 18.  The 
start of the NTC region was observed at 710 K.  The peak of the NTC region was higher 
than the previous experiments, where the maximum CO formation was around 700 ppm.  
It is believed that contamination of the 1-pentene fuel by n-heptane (in the previous 
experiments) and the varying concentrations of the 1-pentene fuel contaminants between 
experiments caused the higher than normal reactivity.  Approximately, 13 ppm of 2-
methyl-1-butene, 6 ppm of 1,2-dimethyl-cyclopropane, and 2 ppm of n-heptane were 
observed during analysis of the CCD fuel calibration sample.   
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Figure 18: CO, CO2, and THC measurements during the 1-pentene CCD at 175 ms and sample 
extraction locations. 
 
 
 
 Identification and quantification of the intermediate combustion species were 
completed at the 14 temperature locations throughout the low and intermediate 
temperature regime, shown in Figure 18.  The results of this analysis are shown in a 
series of figures.  The species are grouped according to functional groups and plotted as a 
function of the sample temperature.  As is customary with detailed speciation, a carbon 
balance was performed on the quantified results to identify the completeness of the 
quantification.  The results of the carbon balance and the percentage of fuel conversion 
are shown in Figure 19.  Slightly more then 40% of the initial fuel concentration was 
converted to intermediate species near the start of the NTC region, of which 85% of the 
carbon mass could be identified and quantified.  The carbon balance only included the 
carbon from positively identified compounds and does not include unidentified peaks of 
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known molecular weight.  Assuming that the unidentified peaks are mainly C5 
oxygenates, the carbon balance would increase to above 90% at the minimum. 
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Figure 19: Carbon balance and fuel conversion calculations during the 1-pentene CCD at 175 ms. 
 
 
 
Figure 20 shows the fuel destruction over the 600 to 800 K temperature range, and the 
subsequent formation of CO and CO2.  The extrapolated temperature rise from the inlet to 
the sample location is also shown.  The major alkene intermediates during the oxidation 
of 1-pentene were ethene, 1-propene, and 1,3-pentadiene, Figure 21. 
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Figure 20: CO, CO2, 1-pentene, and temperature rise during the 1-pentene CCD at 175 ms. 
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Figure 21: Major alkene intermediates during the 1-pentene CCD at 175 ms. 
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Of the minor alkene intermediates, 1,3-butadiene was the most abundant.  Trace 
concentrations of cyclopentene were identified in extremely low concentrations, Figure 
22. 
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Figure 22: Minor alkene intermediates during the 1-pentene CCD at 175 ms. 
 
 
 
 Large concentrations of aldehydes were formed during the oxidation of 1-pentene 
with formaldehyde, butanal, and acetaldehyde being the most abundant, Figure 23.  The 
scatter in the formaldehyde concentration estimate using the MS are readily apparent.  Of 
the minor aldehyde intermediates, 2-propenal was the most abundant, Figure 24. 
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Figure 23: Major aldehyde intermediates during the 1-pentene CCD at 175 ms. 
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Figure 24: Minor aldehyde intermediates during the 1-pentene CCD at 175 ms. 
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 Significantly fewer ethers were formed during the oxidation of 1-pentene, of which, 
only two were identified, 2-propyl-oxirane and 2-methyl-furan, Figure 25.  
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Figure 25: Major ether intermediates during the 1-pentene CCD at 175 ms. 
 
 
 
4.4 Discussion of 1-Pentene Results and Governing Chemistry 
Examination of the intermediate species distribution of 1-pentene showed that 
aldehydes were the most abundant functional group formed during the low and 
intermediate temperature regime, Figure 26.  Approximately 16% of the total fuel was 
converted to aldehydes and their formation peaked at the same temperature as the start of 
the NTC region, 710 K.  However, inclusion of the formaldehyde production estimate 
would increase the overall aldehyde yield to over 40%.  The most abundant of the 
aldehydes were formaldehyde, butanal, then acetaldehyde.  Examination of the profiles of 
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each of the aldehydes indicated that all of the species peaked at 710 K, except 2-pentenal 
which peaked at approximately 690 K.   
Alkene formation represented the only other functional group formed in appreciable 
amounts, and accounted for 6% of the total fuel concentration at its maximum.  The most 
abundant alkenes were ethene, 1-propene and 1,3-pentadiene, respectively.  Unlike the 
aldehydes, the alkene formation peaked approximately at 10 °C higher then the start of 
the NTC region.  The peak of formation for the individual alkene species varied 
significantly.  Of the major alkenes, both ethene and 1-propene had maximum formation 
around 720 K and rapidly declined at higher temperatures.  However, 1,3-pentadiene 
peaked at even higher temperatures, approximately 740 K.  In addition, the formation of 
1,3-pentadiene increased dramatically at the start of the NTC region.  The mechanistic 
explanation of this rise in the conjugate alkene will further explored in the n-heptane 
discussion.  For the lower concentration alkenes, Figure 22, most had peak formations 
around 730 K, except 1-butene, which peaked near 720 K.  
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Figure 26: Conversion yield of the total fuel to each functional group during the 1-pentene CCD at 
175 ms. 
 
 
 
The most abundant of the minor functional groups was ethers.  Ether formation 
represented only about 1% of the total fuel at its maximum.  Although a relatively large 
error was present in the quantification, the peak of formation occurred around 710 to 720 
K.  However, the only major ether identified, 2-propyl-oxirane, appears to peak at higher 
temperatures, 720 to 730 K. 
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Figure 27: Structure and H-abstraction sites of 1-pentene. 
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To initiate the oxidation of alkenes in the low temperature regime, a hydrogen must 
be abstracted from the parent fuel molecule.  For alkenes, the weakest C-H bond is the 
allylic hydrogen, the “c” hydrogen, Figure 27.  Once abstracted, the fuel will decompose 
along the alkane-type mechanism outlined previously, R1 – R26.  At lower temperatures, 
near the initiation of reactivity, the intermediate species distribution should favor the 
species produced from the alkane-type decomposition of the 95 HCc & radical, where c 
indicates the site of the radical abstraction.  Therefore, decomposition via β-scission (R6) 
of this radical should form 1,3-butadiene and direct formation of the “conjugate alkene” 
though oxygen addition (R5) should result in the formation of 1,3-pentadiene or 1,2-
pentadiene.  However, due to the C-H bond strength of hydrogen attached to a C=C, 1,3-
pentadiene would be the preferred intermediate.  Both Figure 21 and Figure 22 show the 
early growth of both 1,3-butadiene and 1,3-pentadiene at the lower temperatures.  All of 
these observations confirm that the allylic hydrogen was the easiest to abstract. 
Subsequent decomposition of 95 HCc &  will occur though oxygen addition to form an 
alkylperoxy radical ( OOHcC &95 ).  The isomerization of this radical will lead to several 
chain branching pathways.  If the isomerization occurs by removal of an “e” hydrogen to 
form eOOHHcC −85 , then the preferred pathway is through the formation of a lower 
molecular weight alkene, ethene, and an aldehyde, 2-propenal, (R18).  The prominence of 
this pathway is why equal portions of ethene and 2-propenal were observed and no 
formation of 2-ethenyl-oxetane (R17) was observed in the experiments.  As a 
consequence, the majority of the 1,3-butadiene was likely formed from the β-scission of 
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the 95 HCc &  radical (R6), not through the isomerization and β-scission of cOOHHeC −85  
(R18).   
 
 
 
OOHQ&  ⎯→ 2"' OHCHORRR &++= (R18) 
OOHQO &= ⎯→ CHORCHOR & ′′+'  (R24) 
 
 
 
However, since the “e” hydrogen is a primary hydrogen bond, the “d” hydrogen 
should be the preferred abstraction location.  Once the dOOHHcC −85  radical has 
formed, the dominant pathway was through addition of a second oxygen molecule to the 
radical site to form OdOOOHHcC &−85 .  Westbrook et al. (1988) noted that due to the 
presence of the OOH at the original abstraction site, the remaining hydrogen atoms will 
have significantly weaker bond energies.  Therefore, it is reasonable to assume that the 
subsequent hydrogen will be internally abstracted by the second OO site.  As a result, the 
decomposition of dOOHOOHHCc −75&  through reaction R12 will result in the 
formation of acetaldehyde, the third most abundant species.  If molecular oxygen adds to 
eOOHHcC −85  prior to the decomposition outlined above (R18), then the 
decomposition eOOHOOHHCc −75& would result in the formation of formaldehyde.  
However, this would likely only account for a relatively small fraction of the observed 
formaldehyde and there are no probable alkane type pathways available for the formation 
of butanal.  Therefore, the only available pathways are through alkene type reactions, 
specifically reaction R5.   
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⎯→ RCHO + RCHO  + HO&
 
(R5)
 
⎯→← + HO&  
 
(R7)
 
 
 
Wood (1994) and Prahbu et al. (1996) have both argued strongly that the radical 
addition of the double bond is not nearly as important as the alkane type hydrogen 
abstraction reactions.  However, their results differ from the current results, the results 
Minetti et al. (1999), and recent modeling efforts of Touchard et al. (2004).  The study by 
Wood showed minimal preference for the abstraction of allylic hydrogen, as no 1,3-
pentadiene was identified.  Furthermore, the second most abundant species formed was 
propanal.  The only paths available for its formation is thought the decomposition of 
aOOHHCc −85&  and cOOHOOHCa −75& , all of which require the abstraction of the “a” 
hydrogen.  Given the larger bond strength of the “a” hydrogens, approximately 6 
kcal/mol stronger than the “d” or “e” hydrogens, it is unlikely that this would be a 
dominant pathway.  In both Wood’s and Prahbu’s studies, the only major cyclic ether, 
third most abundant species observed overall, was 2-methyl-tetrahydrofuran, Figure 28.   
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Figure 28: Structure of 2-methyl-tetrahydrofuran. 
 
 
 
During the study by Prahbu et al., they used 95% purity 1-pentene with the major 
impurities being n-pentane and cis and trans-2-pentene.  While they strongly argued that 
the results did not differ significantly to their 99% purity results and the 99% purity 
results of Wood, it is unlikely that either 2-methyl-tetrahydrofuran and propanal resulted 
from the oxidation of 1-pentene.  However, they are major oxidation products of the n-
pentane fuel impurity.  Nevertheless, many of the other compounds observed during 
Prahbu’s study are in similar concentrations and relative proportions to this study, namely 
formaldehyde, 2-propenal, 1-propene, ethene, 1,3-butadiene, and acetaldehyde.   
The primary difference between the results of this study and that of Minetti et al. 
(1999) to the studies of Prahbu and Wood is in two critical species, butanal and 2-propyl-
oxirane.  The only route for the formation of 2-propyl-oxirane is the addition of 2OH &  to 
the double bond and subsequent formation of an ether, R7.  The formation of 2-propyl-
oxirane is on the same order as the formation of 1,3-pentadiene.  If HO& adds to the 
double bond, followed by molecular oxygen to form OaOOHHbC &−105 , then the 
resulting radical can decompose though the so-called “Waddington” mechanism, (R5), to 
form butanal and formaldehyde.  However, this suggests that the formaldehyde and 
butanal formation should be at nearly equal levels, suggesting that there are other 
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dominant pathways for the formation of formaldehyde since the experiments showed a 
4:1 difference between formaldehyde and butanal production. 
 
4.5 Closure 
Only one of the two types of PFR experiments were conducted on 1-pentene, due to 
the inability to procure the additional fuel necessary for the second experiment in a timely 
manner.  Therefore, only the CCD experiment was completed and served as a baseline for 
the investigation of the 4-component surrogate.  Detailed speciation measurements were 
made during the CCD experiment over a range of temperatures (600 – 780 K) to identify 
the major pathways governing the oxidation of alkenes.  During the oxidation of 1-
pentene, aldehydes were the dominant species formed, followed by alkenes and trace 
amounts of ethers.  The temperature of maximum formation of aldehydes coincided with 
the start of the NTC region, which was expected since aldehydes are responsible for the 
formation of CO.  The formation of the alkenes peaked at higher temperatures.  The 
results suggest that 1-pentene undergoes both alkane and alkene type decomposition 
pathways.  The dominant alkene type pathway was through the “Waddington” 
mechanism and was responsible for the large formations of butanal and formaldehyde.  
This conclusion is consistent with research by Minetti et al. (1999) and Leppard (1989), 
but is in stark contrast to the 1-pentene studies previously conducted in this flow reactor 
by Prabhu et al. (1996) and Wood (1994).  Wood and Prabhu concluded that due to the 
lack of butanal and the abundant formations of propanal and 2-methyl-tetrahydrofuran 
that alkene type decompositions pathways were not important, however, this conclusion 
was likely due to fuel contamination by n-pentane.  However, many of the other 
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compounds observed during Prahbu’s study were in similar concentrations and relative 
proportions to this study, namely formaldehyde, 2-propenal, 1-propene, ethene, 1,3-
butadiene, and acetaldehyde.  
Competing with the alkene type pathway listed above are two alkane type 
decomposition pathways.  One is the decomposition of eOOHHcC −85  to form 2-
propenal and ethene, the second is from the decomposition of dOOHOOHHCc −75& to 
form acetaldehyde.  However, as the alkene molecules become larger and more like those 
present in automotive fuels, it is reasonable to assume alkene type decomposition would 
become less important.  It is important that the break point between the radical addition 
pathway and the alkane hydrogen abstraction pathways be established to allow the 
simplification of the alkene decomposition pathways in the large alkane mechanisms.  
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5. Results of n-Heptane Oxidation 
 
5.1 Introduction 
This chapter describes the experimental results for the oxidation of n-heptane in the 
pressurized flow reactor facility.  The first section describes the experimental conditions 
and procedures unique to the n-heptane experiments.  Section 5.3 describes the model 
that was used for comparison with the experimental results.  Sections 5.4 and 5.5 present 
the results of the CCD and CIT experiments.  Section 5.6 discuses the results and 
governing chemistry of the n-heptane oxidation chemistry and Section 5.7 provides 
closure for this chapter. 
 
5.2 Experimental Conditions 
Both Controlled Cool Down (CCD) and Constant Inlet Temperature (CIT) 
experiments were conducted for n-heptane.  The calibration for the fuel flow rate was 
accomplished using the J.U.M. THC analyzer technique during the CCD experiment 
setup as described previously, and the determined flow rate was utilized for both the 
CCD and CIT experiments.  After determining the calibrated fuel flow rate and prior to 
the conversion of the nitrogen makeup to oxygen, a fuel calibration sample was extracted 
to confirm the fuel calibration point with the GC/MS during both the CCD and CIT 
experiments.  However, the CCD fuel calibration sample was inadvertently contaminated 
with air, thus the concentration determined from the CIT sample was also used for the 
CCD experiment.  The desired experimental conditions used for the fuel calibration was a 
pressure of 8.0 atm, equivalence ratio of  0.4, and dilution of 85%, which equates to a 
fuel concentration of 1144 ppm.  However, upon analysis of the fuel calibration sample 
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by GC/MS, significantly more n-heptane was present than the calibration indicated.  
Upon further examination, the result for the deviation was due to the carbon number ratio 
conversion factor applied for the calibration was not as precise as initially hoped.  
Calculation of the fuel concentration using the n-propane calibration curve on the GC/MS 
resulted in a fuel concentration of 1123 ppm, very close to the desired fuel concentration.  
Using the n-heptane calibration curve resulted in a fuel concentration of 1462ppm.  
Therefore, the experimental conditions were recalculated based upon the 1462 ppm n-
heptane concentration, Table 4. 
 
 
 
Table 4: Experimental conditions for n-heptane experiments 
Pressure 
(atm) 
Equivalence 
Ratio 
Residence 
Time 
(ms) 
Dilution 
(%) 
Fuel 
(ppm) 
8.0 ± 0.25 0.51 100 ± 7 85.0 1459 
     
Fuel 
(ml/min) 
Fuel 
(mol/mol-total) 
Nitrogen 
(mol/mol-total)
Oxygen 
(mol/mol-total) 
Velocity @ 
798K 
(cm/sec) 
1.633 0.00145 0.96707 0.03146 375.5 
 
 
  
5.3 Model Conditions 
Since the species concentration profiles during the CCD and CIT experiments will be 
used for refinement of current n-heptane models, all of the measured species were 
compared to an existing detailed chemical model.  The mechanism and thermochemistry 
chosen for comparison was the model by Curran et al. (1998a), which was briefly 
discussed in Section 2.5.  The detailed reaction mechanism included 2450 elementary 
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reactions among 550 chemical species.  The mechanism had been updated with new 
chemical rate parameters and thermodynamic parameters by Curran, Pitz, and Westbrook 
since being published, the version used in this study was mechanism version 2b and 
thermochemistry version 2c.  The plug application from Chemkin Version 3.7.1 was used 
to perform the calculations.  For the CCD experiment, the PFR was modeled as an 
adiabatic reactor 40 cm long with a 2.2 cm diameter.  The adiabatic reactor model was 
chosen over the isothermal model, since considerable self-heating of the fuel will occur 
along the length of the reactor.  As a result, the adiabatic model better describes this 
temperature profile along the length of the reactor during the CCD experiment, so long as 
the model adequately predicts the heat release of the process.  A series of calculations 
were conducted over an array of inlet temperatures, 600 – 800 K at 5 °C increments.  The 
major stable intermediate species, >1 ppm, were reported every 1cm, from which, the 
concentrations were interpolated for the desired residence time of 100 ms.  This 
procedure was repeated for each of the inlet temperatures with the results exported to an 
Excel spreadsheet.  For the CIT experiments, the reactor model was changed to an 
isothermal reactor with the same physical dimensions as above.  The motivating factor 
for this is that the measured temperature profile was best estimated by an isotherm.  Only 
one calculation was conducted at the specified temperatures.  The major stable 
intermediate species, >1 ppm, were reported every 1 cm, from which, the concentrations 
were interpolated for the desired residence times of the experimental samples. 
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5.4 Results of n-heptane CCD Experiment 
The CCD experiment was conducted over the temperature range of 600 to 800 K.  A 
strong negative temperature coefficient (NTC) behavior was observed, Figure 29.  The 
start of the NTC region was observed at 703 K.   
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Figure 29: CO, CO2, and THC measurements during the n-heptane CCD at 100 ms and sample 
extraction locations. 
 
 
 
 Identification and quantification of the intermediate combustion species was 
completed for 14 temperatures throughout the low and intermediate temperature regime, 
as shown in Figure 29.  The results of this analysis are shown in the following series of 
figures and grouped according to hydrocarbon functional group.  The experimental 
results are plotted as a function of the sample temperature and the modeling results are 
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plotted on the same graphs as a function of the model temperature at 100 ms residence 
time.  The results of the carbon balance and the percentage of fuel conversion for n-
heptane are shown in Figure 30.   
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Figure 30: Carbon balance and fuel conversion calculations during the n-heptane CCD at 100ms. 
 
 
 
 Over 80% of the initial fuel concentration was converted to intermediate species near 
the start of the NTC region, yet, only 60% of the carbon mass could be identified and 
quantified.  The carbon balance only included the carbon from positively identified 
compounds and does not include unidentified peaks of known molecular weight.  As 
noted previously, many of the ethers expected by the models are not available as 
standards so these compounds can not be identified by retention times.  Furthermore, 
many of the compounds are not present in the NIST MS database, so MS identification is 
also not possible.  As a result, of the approximately 60 peaks present in the 
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chromatograms, only 32 of the peaks were positively identified.  If the next 5 most major 
peaks were positively identified, then the carbon balance would increase to over 80% at 
700 K.   
 Figure 31 presents the fuel destruction during its oxidation, the formation of CO and 
CO2, the temperature rise from the inlet to sample location, and the associated 
mechanism predictions.  In all of the subsequent graphs, (E) indicates experimental 
results and (M) indicates the model predictions. 
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Figure 31: CO, CO2, n-heptane, and temperature rise during the n-heptane CCD experiment at 
100 ms. 
 
 
 
 
The major alkene intermediates during the oxidation of n-heptane are shown in Figure 
32, of which 1-propene was the most abundant.  The model overpredicts the formation of 
ethene by a factor of 4 and 1-propene by a factor of 3.  
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Figure 32: Major alkene intermediates during the n-heptane CCD at 100 ms. 
 
 
 
The profiles for the lower molecular weight alkenes and methane are shown in Figure 
33.  The model does an acceptable job of predicting their overall magnitude.  Methane 
formation was very near the detection limit of the FID, so at lower reactivity, methane 
formation was not always measured.  
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Figure 33: Lower molecular weight alkene intermediates and methane during the n-heptane CCD at 
100 ms. 
 
 
 
The higher molecular weight alkenes are shown in Figure 34.  The model does a good 
job of predicting the overall magnitude of the formation of the conjugate alkenes, 1-, 2-, 
and 3-heptene, but at the lower temperatures the concentrations are underpredicted 
The major aldehyde intermediates identified and quantified were formaldehyde, 
acetaldehyde, and propanal, Figure 35.  The scatter of the quantification with the MS is 
evident in the formaldehyde estimation.  To improve the quantification, a methanizer 
should be used in conjunction with the FID.  Both the acetaldehyde and propanal 
formations were underpredicted by a factor of 2. 
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Figure 34: Higher molecular weight alkene intermediates during the n-heptane CCD at 100 ms. 
 
 
 
 
 
 
0
100
200
300
400
500
600
700
800
900
600 620 640 660 680 700 720 740 760 780 800
Temperature (K)
M
ol
ar
 F
ra
ct
io
n 
(p
pm
)
Formaldehyde (M) Formaldehyde (E) Acetaldehyde (M)
Acetaldehyde (E) Propanal (M) Propanal (E)  
Figure 35: Major aldehydes intermediates during the n-heptane CCD at 100ms. 
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The lower concentration aldehydes are shown in Figure 36.  Due to using only the 
FID to quantify the aldehydes, the errors associated with the calibration curves were 
significantly higher.  However, the general trends of 2-propenal, butanal, and pentanal 
were generally well predicted by the model, albeit overpredicted. 
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Figure 36: Minor aldehydes intermediates during the n-heptane CCD at 100 ms. 
 
 
 
The major cyclic ethers are shown in Figure 37.  The major species, 2-ethyl-5-
methyl-tetrahydrofuran was extremely well predicted.  Neither 2-ethyl-tetrahydrofuran 
nor 2-propyl-tetrahydrofuran were positively identified, nevertheless, both compounds 
are still shown for comparison purposes.  The minor cyclic ethers are shown in Figure 38.  
Of these compounds, only 2-methyl-4-propyl-oxetane was positively identified and 
quantified.  Despite the larger experimental error, the model does a very good job at 
predicting the formation of 2-methyl-4-propyl-oxetane.  Different methods will be 
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necessary to aid in the identification of the unknown ethers since only a few of the ethers 
predicted by the model have a MS spectra available in the NIST database.  Many of the 
cyclic ether spectra in the NIST database are from Dagaut’s group in France, illustrating 
the limited information available for many of the ethers.  Due to the flow split between 
the FID and MS, additional flow might be able to be diverted to the MS to aid in the 
identification of these ethers.  However, short of a source for calibration standards or 
synthesis of the various ethers, the problem of ether identification will only become more 
pronounced as experiments consider larger alkanes. 
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Figure 37: Major ether intermediates during the n-heptane CCD at 100 ms. 
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Figure 38: Minor ether intermediates during the n-heptane CCD at 100 ms. 
 
 
 
The major ketone species predicted by the mechanism are shown in Figure 39.  
Although ethenone is the major ketone species, it can not be separated by the current GC 
method and 2-pentanone was not positively identified.  The only ketone positively 
identified for n-heptane was 3-buten-2-one, Figure 40.   
 
 
 
 116
0
25
50
75
100
125
150
175
200
600 620 640 660 680 700 720 740 760 780 800
Temperature (K)
M
ol
ar
 F
ra
ct
io
n 
(p
pm
)
Ethenone (M) Ethenone (E) 2-Pentanone (M) 2-Pentanone (E)
 
Figure 39: Major ketone intermediates during the n-heptane CCD at 100 ms. 
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Figure 40: Minor ketone intermediates during the n-heptane CCD at 100 ms. 
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5.5 Results of n-Heptane CIT Experiment 
The CIT experiment was conducted over a range of positions (10 to 36 cm) along the 
axial length of the reactor.  The temperature for each of the samples extracted is shown in 
Figure 41.  Using the inlet temperature of 727 K, the residence times ranged from 45 to 
120 ms. 
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Figure 41: Axial temperature profile and sample locations during the n-heptane CIT. 
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Figure 42: Carbon balance and fuel conversion calculations during the n-heptane CIT. 
 
 
 
During the CIT, approximately 65% of the initial fuel concentration was converted to 
intermediate species, yet, slightly less then 80% of the carbon mass was identified and 
quantified, Figure 42.  If the remainder of the peaks were identified and quantified, then 
the carbon balance would increase to above 85%.  Figure 43 presents the fuel destruction 
during its oxidation and the formation of CO and CO2 and the associated mechanism 
predictions.  The CO formation and the amount of fuel conversion were overpredicted by 
almost a factor of two.  One complication with flow reactor data is that there is a physical 
mixing distance of the fuel and oxidizer streams and a thermal mixing distance due the 
fuel and oxidizer streams entering at two different temperatures, thus resulting in poorly 
defined zero time.  Typically, for model predictions of flow reactor experimental data, the 
simulated species profiles are shifted to match the experiments at 50% conversion.  It is 
not unusual for a time shift in excess of 50 ms to be used, however, for the model 
simulations in this study, no time shift was used.  Furthermore, the initiation behavior 
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was not captured during the experiment.  Even with earlier sample times, it would not be 
physically possible to sample at the residence times needed as the reaction likely started 
in the mixing nozzle. 
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Figure 43: CO, CO2, and n-heptane during the n-heptane CIT experiment at 727 K. 
 
 
 
The major alkene intermediates during the oxidation of n-heptane are shown in Figure 
44, of which 1-propene was the most abundant.  The model overpredicts the formation of 
1-propene by a factor of 2.5, however, the trends along the length of the reactor are very 
similar.  A similar trend of overprediction for ethene and 1-propene was observed for the 
CIT as for the CCD experiment. 
The results for the minor smaller molecular weight alkenes are shown in Figure 45.  
Methane formation was very near the detection limit of the FID, thus it was occasionally 
not quantified.  The formation of both 1-butene and 1-pentene were underpredicted. 
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Figure 44: Major alkene intermediates during the n-heptane CIT at 727 K. 
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Figure 45: Lower molecular weight alkene intermediates and methane during the n-heptane CIT at 
727 K. 
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The minor higher molecular weight alkenes are shown in Figure 46.  The formation 
of 1-hexene was very well predicted, but the conjugate alkenes were underpredicted 
similar to the CCD experiments.  However, cis-3-heptene coelutes with n-heptane, thus 
actual concentrations of 3-heptene will be higher than shown. 
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Figure 46: Higher molecular weight alkene intermediates during the n-heptane CIT at 727 K. 
 
 
 
The major aldehydes are reported in Figure 47, with formaldehyde, acetaldehyde, and 
propanal being the most abundant.  Model predictions overpredicted the formation of 
propanal and acetaldehyde by a factor of two. 
 The minor aldehyde intermediates are shown in Figure 48.  The model predictions 
were generally good, but butanal was overpredicted by a factor of 2. 
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Figure 47: Major aldehyde intermediates during the n-heptane CIT at 727 K. 
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Figure 48: Minor aldehyde intermediates during the n-heptane CIT at 727 K. 
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The major ether intermediates are shown in Figure 49, with 2-methy-5-ethyl-
tetrahydrofuran being the most abundant.  As with the CCD experiments, 2-methy-5-
ethyl-tetrahydrofuran was predicted very well. 
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Figure 49: Major ether intermediates during the n-heptane CIT at 727 K. 
 
 
 
The minor cyclic ethers are shown in Figure 50.  Of these compounds, only 2-methyl-
4-propyl-oxetane was positively identified and quantified.  The model does a good job 
predicting the formation of 2-methyl-4-propyl-oxetane. 
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Figure 50: Minor ether intermediates during the n-heptane CIT at 727 K. 
 
 
 
5.6 Discussion of n-Heptane Results and Governing Chemistry 
Examination of the distribution of intermediate for n-heptane oxidation showed that 
aldehydes were the most abundant functional group formed in the low and intermediate 
temperature regime, Figure 51.  During the CCD experiments, approximately 20% of the 
total fuel was converted to aldehydes and their formation peaked at a temperature near 
the start of the NTC region, 703 K.  However, inclusion of the formaldehyde production 
estimate would increase the overall aldehyde yield to approximately 60%.  The model 
predictions of the decomposition of n-heptane were generally very good, however, at 
temperatures above 720 K, the mechanism overpredicted the extent of the conversion.  
However, this is partly due to the larger amount of temperature rise that the model 
predicted over that observed during the CCD experiments.  During the CIT experiments, 
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the n-heptane concentration was approximately twice the concentration of the model 
prediction. 
The most abundant aldehydes were formaldehyde, acetaldehyde, and propanal.  
However, unlike the aldehyde formation during 1-pentene oxidation, the individual 
profiles of the aldehyde species during n-heptane oxidation tended not to have such a 
pronounced maximum formation at the start of the NTC region.  In other words, aldehyde 
formation was not as significantly affected by the transition from the low to intermediate 
chemistry in the NTC region.  The most notable exception appears to be the formation of 
formaldehyde.  The model predictions for the major aldehydes were generally good for 
both the CCD and CIT experiments, as all of the major trends and relative relationships 
between the aldehydes were in reasonable agreement with the experiment data.   
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Figure 51: Conversion yield of the total fuel to each functional group during the n-heptane CIT at 
100 ms. 
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Alkene formation represented the second most abundant functional group over much 
of the temperature regime and represented 20% of the total initial n-heptane 
concentration at its maximum.  Unlike the aldehydes and 1-pentene results, the alkene 
formation peaked at a significantly higher temperature then the start of the NTC region, 
roughly 40 °C higher.  The peak of formation of the individual alkene species did not 
vary as significantly as the 1-pentene results.  Most of the major alkene peaked at roughly 
740 to 750 K, the most notable exception was ethene which peaked around 720 K.  The 
behavior of the model predictions for the major alkenes during the CCD and CIT 
experiments were more mixed then for the aldehydes.  The formation of the conjugate 
alkenes was underpredicted by approximately a factor of two, even given the 
overprediction of fuel decomposition.  The predictions of most of the lower molecular 
weight alkenes were generally good, as all of the major trends and relative relationship 
between the alkenes were in reasonable agreement with the experiment data.  The major 
exception was the formation of ethene, which the model significantly overpredicts by a 
factor of 4 in the CCD experiments and a factor 2.5 in the CIT experiments. 
The third most abundant functional group formed in the low and intermediate 
temperature regime was the ethers.  However, given that there were a significant number 
of ethers unidentified and unquantified, ether formation would represent a larger fraction 
of the total intermediates.  Ether formation was roughly constant at about 8% during the 
low temperature region up to the point of the start of the NTC region.  After the start of 
the NTC region, ether formation increased considerably to its peak of over 15% near 750 
K.  All of the identified ethers exhibited this shift in the rate of formation at the start of 
the NTC region.  During the oxidation of 1-pentene, 2-propyl-oxirane exhibited the 
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opposite behavior as the formation leveled off at the start of the NTC region.  This 
phenomena will be explored in subsequent discussion.  The model predictions for the 
ethers were extremely good, considering the assumptions made for their decomposition 
pathways.   
 Only a few ketones were identified and quantified during the oxidation of n-heptane, 
and the conversion remained relatively constant at 4% over much of the temperature 
regime.  The model predictions for the ketones were significantly worse than the other 
functional groups.  Only one of the two major ketones could be quantified by the GC 
method, 2-pentanone, however, no detectable amount of 2-pentanone was found.  Only a 
few alkanes were observed during the CCD and CIT experiments, almost all of which 
were fuel contaminants.  The only alkane predicted by the model in appreciable 
concentrations was methane, but it was often below the detection limit of the FID. 
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Figure 52: Structure and H-abstraction sites of n-heptane. 
 
 
 
To explain some of the phenomena observed during the oxidation of n-heptane, a 
closer investigation of the oxidation mechanism was required.  The initiation of the 
oxidation process results from the abstraction of a hydrogen from the parent fuel 
molecule.  Unlike alkenes, alkanes do not have any of the weaker allylic hydrogen bonds.  
Therefore, for straight chain alkanes, like n-heptane, only primary and secondary 
hydrogen bond types are available for abstraction.  For n-heptane, this means that one of 
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the “b”, “c”, or “d” hydrogen atoms should be the first abstracted, Figure 52.  However, 
given the 2:1 advantage of the “b” and “c” hydrogen over that of the “d” hydrogen, the 
initial abstractions are likely to occur to a “b” or “c” hydrogen.  Previous research has 
shown that this is indeed the case and the 157 HCb & and 157 HCc & radicals are the preferred 
alkyl radicals formed (Curran et al., 1998a).  Therefore, subsequent decomposition of 
157 HCb &  and 157 HCc &  will occur through oxygen addition to form an alkylperoxy radical.  
The isomerization of this radical will lead to several chain branching pathways.  If the 
isomerization of the OOHbC &157 radical occurs by internal abstraction of a “d” hydrogen 
to form dOOHHCb −147& , then the preferred pathway is through the formation of a lower 
molecular weight alkene, 1-pentene, and an aldehyde, acetaldehyde, (R18).  Likewise, if 
the isomerization of the OOHcC &157 radical occurs by internal abstraction of another “c” 
hydrogen to form cOOHHCc −147& , then the preferred pathway is through the formation 
of a lower molecular weight alkene, 1-butene, and an aldehyde, propanal, and so forth.  
However, the concentrations of the associated aldehyde and lower molecular weight 
alkene are not in the ratios predicted by the mechanism, therefore, the branching pathway 
involving the decomposition of the dihydroperoxyheptyl radical ( OxOOOHHxC &−147 ) 
has to be considered as the source of the aldehydes.  The only exception appears to be 1-
propene and butanal, the 6th and 7th most abundant species, which forms from the 
decomposition of the bOOHHCd −147& radical.  Therefore, the primary path for the 
formation of acetaldehyde and propanal occurs from the decomposition of 
bOOHOHCb −137&  and cOOHOHCc −137& , respectively. 
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The major ether produced during the oxidation of n-heptane was 2-methyl-5-ethyl-
tetrahydrofuran.  The only path available for the formation of this ether is by the 
decomposition of the cOOHHCb −147&  and bOOHHCc −147&  radicals, (R17).  The 
prominence of 2-methyl-5-ethyl-tetrahydrofuran, suggests that if the internal hydrogen 
abstraction occurs 3 carbon atoms away from the initial abstraction site, then R17 is the 
dominant pathway for the decomposition of the radical.   
Furthermore, the rate of formation of the ethers rose significantly, as the temperature 
increased beyond the start of the NTC region.  The sudden shift coincided with the 
sudden decrease of the aldehyde formation and sudden rise of the conjugate alkenes.  
This is due to the backward shift of the addition of O2 to heptyl ( 157 HC& ) and 
heptylhydroperoxy ( OOHHC 147& ) radicals (Ciajolo and D'Anna, 1998).  As the 
equilibrium shifts back at the start of the NTC region, a larger fraction of 157 HC&  and 
OOHHC 147&  radicals are available to undergo alternative reactions.  Hence, more 
conjugate alkenes are formed from the decomposition of 157 HC&  and more ethers are 
formed from the decomposition of OOHHC 147& . 
 
5.7 Closure 
Both CCD and CIT experiments were conducted for n-heptane in the low and 
intermediate temperature regime at elevated pressures (8 atm) under dilute and lean 
conditions.  These experiments were meant to serve as a baseline for the investigation of 
the 4-component surrogate and to provide some additional experimental information for 
the oxidation of alkanes.  Detailed speciation measurements were made during both CCD 
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and CIT experiments to identify the major pathways governing n-heptane oxidation.  The 
results of both experiments were compared to a current detailed n-heptane model by 
Curran et al. (Curran et al., 1998a).  The detailed reaction mechanism included 2450 
elementary reactions among 550 chemical species.  Model predictions and experimental 
data were generally in good agreement, except for ethene and 2-pentanone. 
Aldehydes were the dominant species formed during the oxidation of n-heptane, 
followed by alkenes and ethers.  The major pathway identified for aldehyde formation 
was the decomposition of the dihydroperoxyheptyl radical ( OxOOOHHxC &−147 ).  As 
the temperature increased beyond the start of the NTC region, alkene and ether formation 
steadily increased.  This was due to the backward shift of the addition of O2 to heptyl 
( 157 HC& ) and heptylhydroperoxy ( OOHHC 147& ) radicals resulting in a larger fraction of 
157 HC&  and OOHHC 147&  radicals available for alternative reactions. 
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6. Results of iso-Octane Oxidation 
 
6.1 Introduction 
This chapter describes the experimental results for the oxidation of iso-octane in the 
pressurized flow reactor facility y.  The first section describes the experimental 
conditions and procedures unique to the iso-octane experiments.  Section 6.3 describes 
the model that was used for comparison with the experimental results.  Sections 6.4 and 
6.5 present the results of the CCD and CIT experiments.  Section 6.6 discuses the 
governing chemistry of the iso-octane oxidation chemistry and Section 6.7 provides 
closure for this chapter. 
 
6.2 Experimental Conditions 
Both Controlled Cool Down (CCD) and Constant Inlet Temperature (CIT) 
experiments were conducted for iso-octane.  As with n-heptane, the fuel flow rate 
calibration was accomplished using the THC analyzer technique during the CCD 
experiment setup, and the determined flow rate was utilized for both the CCD and CIT 
experiments.  After establishing the calibrated fuel flow rate and prior to the conversion 
of the nitrogen makeup to oxygen, a fuel calibration sample was extracted to confirm the 
fuel calibration point with the GC/MS for both the CCD and CIT experiments.  The 
desired experimental conditions used for the fuel calibration was a pressure of 8.0 atm, 
equivalence ratio of  0.75, and dilution of 62%, which equates to a fuel concentration of 
4767 ppm.  As with the n-heptane, the GC/MS analysis of the fuel calibration samples 
showed significantly more iso-octane than desired.  Using a closer carbon number 
calibration curve resulted in a fuel concentration of 6382 ppm for the CCD experiment 
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and 6702 for the CIT experiment.  Therefore, the experimental conditions were 
recalculated based upon the 6382 ppm concentrations, Table 5.   
 
 
 
Table 5: Experimental conditions for iso-octane experiments 
Pressure 
(atm) 
Equivalence 
Ratio 
Residence 
Time 
(ms) 
Dilution 
(%) 
Fuel 
(ppm) 
8.0 ± 0.25 1.0 250 ± 26 62.0 6346 
     
Fuel 
(ml/min) 
Fuel 
(mol/mol-total) 
Nitrogen 
(mol/mol-total)
Oxygen 
(mol/mol-total) 
Velocity @ 
763K 
(cm/sec) 
3.071 0.00635 0.91433 0.07933 142.5 
 
 
 
6.3 Model Conditions 
Since the species profiles during the CCD and CIT experiments will be used for 
refinement of the current iso-octane models, all of the measured species were compared 
to an existing detailed chemical model.  The mechanism and thermochemistry chosen for 
comparison was the model by Curran et al. (2002) which was briefly discussed in Section 
2.5.  The detailed reaction mechanism included 3600 elementary reactions among 860 
chemical species.  The mechanism had been updated with new chemical rate parameters 
and thermodynamic parameters by Curran, Pitz, and Westbrook since being published; 
the version used in this study was mechanism version 2 and thermochemistry version 2b.  
The plug application from Chemkin Version 3.7.1 was used to perform the calculations.  
For the CCD experiment, the PFR was modeled as an isothermal reactor 40 cm long with 
a 2.2 cm diameter.  The isothermal reactor model was chosen over the adiabatic model 
used in the n-heptane experiments, since the iso-octane model significantly overpredicts 
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the extent of reaction and thus overpredicting the temperature rise along the length of the 
reactor.  Therefore, the isothermal model was a better description of the conditions 
present during the CCD experiment.  As with n-heptane, a series of calculations were 
conducted over an array of inlet temperatures, 600 – 800 K at 5 °C increments.  The 
stable intermediate species were reported every 1cm, from which, the concentrations 
were interpolated at the desired residence time of 250 ms.  This procedure was repeated 
for each of the inlet temperatures with the results exported to an Excel spreadsheet.  For 
the CIT experiment, the reactor continued to be modeled as an isothermal reactor.  Only 
one calculation was conducted at the specified temperature.  The most stable intermediate 
species were reported every 1 cm, from which, the concentrations were interpolated for 
the desired residence times of the experimental samples. 
 
6.4 Results of iso-Octane CCD Experiment 
The CCD experiment was conducted over the temperature range of 600 to 765 K.  
Higher temperatures were not possible without unduly stressing the experimental facility 
due to the very low flow rates involved.  A very weak negative temperature coefficient 
(NTC) behavior was observed, shown in Figure 29.  The start of the NTC region was 
observed at 665 K, around 40 °C lower then n-heptane.  A series of experiments were 
conducted over time and fuel “samples” and all of the experiments exhibited very similar 
magnitude of reactivity and nearly identical temperatures for the start of the NTC region.  
However, this does not rule out the possibility that the reaction was initiated by one of the 
fuel contaminants in the samples. 
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Figure 53: CO, CO2, and THC measurements during the iso-octane CCD at 250 ms and sample 
extraction locations. 
 
 
 
 Identification and quantification of the intermediate combustion species was 
completed for the 13 temperatures throughout the low and intermediate temperature 
regime, indicated in Figure 53.  The results of this analysis are shown in the following 
series of figures, where (M) indicates model predictions and (E) indicates experimental 
results.  The results are grouped according to hydrocarbon functional groups and are 
plotted as a function of the sample temperature.  The modeling results are plotted on the 
same graphs but are plotted as a function of the models inlet temperature, which is 
identical to the temperature at 250 ms residence time due to the isothermal model 
assumption. 
The results of the carbon balance and the percentage of fuel conversion are shown in 
Figure 54.  Only 20% of the initial fuel concentration was converted to intermediate 
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species near the start of the NTC region, however, the carbon balance showed that more 
then 100% of the available carbon had been identified and quantified.  The carbon 
balance only includes the carbon from positively identified compounds and does not 
include unidentified peaks of known molecular weight.  As with n-heptane, many of the 
ethers expected by the models have not been identified and quantified.  Of the 
approximately 60 peaks present in the FID chromatograms, only 30 of the peaks were 
positively identified.  However, if all of the peaks were assumed to be C8 oxygenates and 
the remain peaks were quantified, then the overall carbon balance would only increase to 
a maximum of 106%.  There are two primary reasons for the greater than 100% carbon 
balance.  First, the calculation of available carbon was determined from the iso-octane 
concentration from the sample extracted prior to the conversion from the “makeup” 
nitrogen to oxygen.  Therefore, the concentration may increase or decrease slightly 
depending on if the net flow rate of the oxygen is slightly higher or lower then that of the 
nitrogen.  Secondly, for 6382 ppm of iso-octane, the error associated with the 
quantification is ±165 ppm, which can easily push the carbon balance above 100%.  
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Figure 54: Carbon balance and fuel conversion calculations during the iso-octane CCD at 250 ms. 
 
Figure 55 presents the fuel destruction during its oxidation, the formation of CO and 
CO2, the temperature rise from the inlet to the sample location, and the associated 
mechanism predictions.  The model significantly overpredicts the destruction of the fuel 
and the formation of carbon monoxide.   
The major alkene intermediates during the oxidation of iso-octane are plotted in 
Figure 56, of which 2-methyl-1-propene was the most abundant.  The model overpredicts 
the formation of 2-methyl-1-propene by a factor of 4. 
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Figure 55: CO, CO2, and fuel trends during the iso-octane CCD experiment at 250 ms. 
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Figure 56: Major alkene intermediates during the iso-octane CCD at 250 ms. 
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 The production of the lower molecular weight alkenes are presented in Figure 57.  
The mechanism predicted the opposite behavior from the experiments with respect to 2,4-
dimethyl-2-pentene and 4,4-dimethyl-2-pentene, as the experiments show significantly 
more  4,4-dimethyl-2-pentene then 2,4-dimethyl-2-pentene. 
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Figure 57: Lower molecular weight alkene intermediates during the iso-octane CCD at 250 ms. 
 
 
 
The formations of the conjugate alkenes are shown in Figure 58.  Again the simulated 
behavior was opposite to the experiments with respect to 2,4,4-trimethyl-1-pentene and 
2,4,4-trimethyl-2-pentene, as the experiments show nearly double the production of 
2,4,4-trimethyl-1-pentene.  
The major aldehyde was identified as formaldehyde, the comparison between the 
model and its estimated concentration is plotted in Figure 59. 
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Figure 58: Higher molecular weight alkene intermediates during the iso-octane CCD at 250 ms. 
 
 
 
 
 
 
0
200
400
600
800
1000
1200
1400
1600
600 620 640 660 680 700 720 740 760 780 800
Temperature (K)
M
ol
ar
 F
ra
ct
io
n 
(p
pm
)
Formaldehyde (M) Formaldehyde (E)  
Figure 59: Major aldehyde intermediates during the iso-octane CCD at 250 ms. 
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The aldehydes of average concentration are shown in Figure 60.  Of these 
intermediates, 2-methyl-propanal and 2,2-dimethyl-propanal are the most abundant.  The 
mechanism overpredicts the 2-methyl-propanal formation by a factor of six. 
The aldehydes of the lowest concentration are shown in Figure 61.  Neither 
compound was identified in the chromatograms, but the model predictions are shown. 
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Figure 60: Middle aldehyde intermediates during the iso-octane CCD at 250 ms. 
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Figure 61: Minor aldehyde intermediates during the iso-octane CCD at 250 ms. 
 
 
 
The major ketone intermediate species, 2-propanone, is shown in Figure 62.  The 
model significantly overpredicts the formation of the compound by almost an order of 
magnitude.  The minor ketone intermediates are shown in Figure 63.  Only two of the 
minor ketones were identified, of which 4,4-dimethyl-2-pentanone was the most 
abundant. 
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Figure 62: Major ketone intermediates during the iso-octane CCD at 250 ms. 
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Figure 63: Minor ketone intermediates during the iso-octane CCD at 250 ms. 
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The major ether intermediate species are presented in Figure 64, of which 2,2,4,4-
tetramethyl-tetrahyddrofuran was the most abundant.  The model does an excellent job of 
predicting the formation of both identified ethers.  However, accounting for the fact that 
the model significantly overpredicts the oxidation of iso-octane, the experimental results 
indicate that a significantly larger percentage of the fuel was converted to ethers than the 
model predicts.  As noted with n-heptane, it is very difficult to identify most of the cyclic 
ethers.  For example, of the seven possible C8 ethers, only two are present in the latest 
NIST MS database, both of which were from Dagaut’s group in France.  
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Figure 64: Major ether intermediates during the iso-octane CCD at 250 ms. 
 
 
 
The minor ether intermediate species are shown in Figure 65, of which 2-tert-butyl-3-
methyl-oxetane was the only one identified.  The model does a reasonable job of 
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predicting the C8 ethers considering how different the model has predicted most of the 
other species.   
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Figure 65: Minor ether intermediates during the iso-octane CCD at 250 ms. 
 
 
 
6.5 Results of iso-Octane CIT Experiment 
The CIT experiment was conducted over a range of 10 to 36 cm along the axial length 
of the reactor.  The axial temperature profile of the reactor at the sample locations are 
shown in Figure 66.  Using an inlet temperature of 676 K, the residence time ranged from 
125 to 330 ms. 
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Figure 66: Axial temperature profile and sample locations during the iso-octane CIT. 
 
 
 
During the CIT, approximately 10% of the initial fuel concentration was converted to 
intermediate species and approximately 95% of the carbon mass was identified and 
quantified, Figure 67.  Since the level of reactivity was extremely low, only the most 
abundant of the intermediates were identified and quantified.  Therefore, the graphs for 
the CIT experiment will only be shown for the major intermediates. 
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Figure 67: Carbon balance and fuel conversion calculations during the iso-octane CIT. 
 
 
 
Figure 68 presents the fuel destruction along the axial length of the reactor and the 
formation of CO and CO2 and the associated mechanism predictions.  As with the CCD, 
CO formation and the amount of fuel decomposition were significantly overpredicted. 
The major alkene intermediates are plotted in Figure 69 and the minor alkenes are 
shown in Figure 70.  Both figures show the significant differences between the 
mechanism predictions and the experimental results.  The major ether intermediate 
species are shown in Figure 71.  Again, the mechanism significantly overpredicts the 
formation of both of these compounds. 
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Figure 68: CO, CO2, and iso-octane during the iso-octane CIT experiment at 676 K. 
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Figure 69: Major alkene intermediates during the iso-octane CIT at 676 K. 
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Figure 70: Minor higher molecular weight alkene intermediates during the iso-octane CIT at 676 K. 
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Figure 71: Major ether intermediates during the iso-octane CIT at 676 K. 
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6.6 Discussion of iso-Octane Results and Governing Chemistry 
Examination of the species distribution of of iso-octane showed that ethers were the 
most abundant functional group formed in the low and intermediate temperature regime, 
Figure 72.  The model calculations of the iso-octane decomposition were very poor as it 
significantly overpredicted the decomposition by a factor of two.  As a result, the model 
significantly overpredicts the formation of CO.  During the CCD experiments, over 10% 
of the total fuel was converted to ethers and their formation peaked near the start of the 
NTC region, 665 K.  Furthermore, 2,2,4,4-tetramethyl-tetrahydrofuran represented over 
65% of the identified ethers; a similar dominance of a single ether was also observed in 
n-heptane with 2-methyl-5-ethyl-tetrahydrofuran.  The relative dominance of the ethers 
during the oxidation of iso-octane was in rather stark contrast to that of the n-heptane and 
1-pentene experiments.  The model predictions for the formation of the identified ethers 
were very good, as the trends observed in the experiments were reproduced in the model 
predictions.  However, considering that the fuel conversion was overpredicted, the model 
would likely underpredict the formation of the major ethers.   
Alkenes represented the second most abundant functional group to be formed over 
much of the temperature regime and represented 6% of the total fuel at its maximum.  
Like the 1-pentene results, the alkene formation peaked at a slightly higher temperature 
than the start of the NTC region, roughly 5 °C higher.  The peak of the individual alkene 
species varied slightly, but most of the major alkenes peaked at roughly 670 K, the most 
notable exceptions were with the methyl-1-pentenes that peaked around 660 K.  The 
alkene model predictions were generally quite good, as the trends observed in the 
experiments were reproduced in the model predictions.  However, considering that the 
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fuel conversion was overpredicted, the model would likely underpredict the formation of 
the alkenes.  However, the mechanism showed the opposite behavior from the 
experiments with respect to formation of methyl-1-pentenes and methyl-2-pentenes.  The 
experiments showed that the dominant species were the methyl-1-pentenes while the 
model predicted the dominance of the methyl-2-pentenes. 
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Figure 72: Conversion yield of the total fuel to each functional group during the iso-octane CCD at 
250 ms. 
 
 
 
Only a few aldehydes and ketones were identified during the oxidation of iso-octane, 
yet, aldehydes represented the third most abundant functional and represented less then 
3% of the total fuel at its maximum.  However, inclusion of formaldehyde production 
estimate would increase the overall aldehyde yield to approximately 6%.  As with 1-
pentene, the aldehyde formation was closely related to the temperature and exhibited a 
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strong peak near the start of the NTC region.  The aldehydes model predictions were 
generally good for both the CCD and CIT experiments, as all of the major trends and 
relative relationships between the aldehydes were in reasonable agreement with the 
experimental data.  Less then 2% of the available fuel was converted to ketones and 
remained relatively constant over the reaction zone.  However, both n-heptane and iso-
octane models, and the recent 1-pentene model by Touchard et al. (2004) predict 
significantly more ketone formation than was observed in all of the associated 
experiments.  This would suggest that the ketones were either not being extracted and 
stored stably in the multiple sample loop cart prior to analysis, or there are additional 
decomposition pathways that have not been included in the models.  Only a few alkanes 
were observed, almost all of which were fuel contaminants. 
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Figure 73: Structure and H-abstraction sites of iso-octane. 
 
 
 
The oxidation process was initiated from the abstraction of a hydrogen from the 
parent fuel molecule.  Unlike n-heptane, iso-octane has one tertiary bonded hydrogen, so 
the initial hydrogen abstraction should favor the abstraction of the “c” hydrogen, Figure 
73.  Therefore, decomposition via β-scission (R6) of the 178 HCc &  radical would form 2-
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methy-1-propene and direct formation of the “conjugate alkenes” through oxygen 
addition (R5) should result in the formation of 2,4,4-trimethyl-1-pentene or 2,4,4-
trimethyl-2-pentene.  Either a “b” or “d” hydrogen can also be abstracted to form the 
conjugate alkenes and since the “b” hydrogen is a secondary bonded hydrogen then 2,4,4-
trimethyl-2-pentene should be the favored species.  Although, 1-propene is formed at 
higher concentrations at lower temperature, 2,4,4-trimethyl-1-pentene was actually the 
dominant species at the lower temperatures.  The higher observed concentrations of 
2,4,4-trimethyl-1-pentene over 2,4,4-trimethyl-2-pentene were likely the result of three 
times the number of “d” hydrogen to that of the “b” hydrogen.  Nevertheless, the species 
distribution supports the conclusion that the “c” hydrogen was the easiest to abstract.   
With 9 times the number of available “a” hydrogens and 6 times the number of 
available “d” hydrogens as “c” hydrogens , the species formed from abstraction of these 
sites should occur in appreciable concentrations despite being primary hydrogen bonds.  
Therefore, if the isomerization of the OOHaC &178  radical occurs by internal abstraction of 
a “c” hydrogen to form cOOHHCa −168& , then the preferred pathway is through the 
formation of the 2,2,4,4-tetramethyl-tetrahydrofuran.  The prominence of this ether 
suggests that if the internal hydrogen abstraction occurs 3 carbon atoms away from the 
initial abstraction site, then R17 is the dominant pathway for the decomposition of the 
radical, as seen during the oxidation of n-heptane.  However, during the n-heptane 
experiments, if the internal hydrogen abstraction occurs 2 carbon atoms away from the 
initial abstraction site, then the preferred pathway was through the formation of a lower 
molecular weight alkene and an aldehyde.  This would suggest that the decomposition of 
bOOHHCa −168&   should produce 2,4-dimethyl -2-pentene and formaldehyde.  However, 
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due to the branched structure of iso-octane, the preferred pathway was R17 and the 
formation of 2-isopropyl-3,3-diemthy-oxetane.   
As suggested during the n-heptane experiments, the branching pathway involving the 
decomposition of the dihydroperoxyisooctyl radical ( OxOOOHHxC &−168 ) was the major 
source of the aldehydes.  Therefore, the primary path for the formation of 2-propanone 
occurred from the decomposition of OcOOOHHaC &−168  and OcOOOHHbC &−168 .  
Likewise, the major path for the formation of formaldehyde occurred from the 
decomposition of OdOOOHHdC &−168 , OaOOOHHdC &−168 , OdOOOHHbC &−168 , and 
OdOOOHHaC &−168 .  The large number of possible isomers that result in the formation 
of formaldehyde help account for the large amounts produced. 
 
6.7 Closure 
Both CCD and CIT experiments were conducted on iso-octane during this phase of 
the study in the low and intermediate temperature regime at elevated pressures (8 atm) 
under dilute and stoichiometric conditions.  These experiments were meant to serve as a 
baseline for the investigation of the 4-component surrogate and to provide some 
additional experimental information for the oxidation of alkanes.  A weak NTC behavior 
was observed during the CCD experiment, the start of the NTC region occurred at a 
significantly lower temperature than other alkanes.  However, it is possible that the 
contaminants in iso-octane, specifically, n-heptane, 2,3-dimethyl-pentane, 3-methyl-
hexane, and 2,2-dimethyl-hexane, initiated of the reaction.  However, this is unlikely as 
the start of the NTC region occurred at the same temperature for several different CCD 
experiments utilizing different iso-octane samples.  Nevertheless, detailed speciation 
 154
measurements were made during both CCD and CIT experiments to identify the major 
pathways governing the oxidation of alkane.  The results of both experiments were 
compared to a current detailed iso-octane model by Curran et al. (2002).  The detailed 
reaction mechanism included 3600 elementary reactions among 860 chemical species.  
Agreement between model predictions and experimental data were generally very poor, 
as the decomposition of isooctane was significantly overpredicted. 
Ethers were the dominant species formed during the oxidation of iso-octane, followed 
by alkenes and aldehydes.  The major pathway for the formation of the ethers was the 
through the initial abstraction of an “a” hydrogen and subsequent internal isomerization 
of both bOOHHCa −168&  and cOOHHCa −168&  resulting in the formation of 2-isopropyl-
3,3-diemthy-oxetane and 2,2,4,4-tetramethyl-tetrahydrofuran, respectively. 
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7. Results of Gasoline Surrogate Oxidation 
 
7.1 Introduction 
This chapter describes the experimental results for the oxidation of the mixture of 
4.6% 1-pentene, 14% n-heptane, 49.6% iso-octane, and 31.8% toluene in the pressurized 
flow reactor facility.  This mixture will be subsequently referred to as GS4c-1 (Gasoline 
Surrogate – 4 component – Mixture #1).  In previous work by Khan (1998) this surrogate 
was referred to as RON92, due to its research octane number.  However, a revised 
naming scheme is necessary if future work will change the constituents or relative 
fractions of the constituents.  Furthermore, the neat toluene results were not discussed as 
with the other neat components of the surrogate since neat toluene did not react at all 
conditions examined.  The first section describes the experimental conditions and 
procedures unique to the GS4c-1 experiments.  Section 7.3 describes the model that was 
used for comparison with the experimental results.  Sections 7.4 and 7.5 present the 
results of the CCD and CIT experiments.  Section 7.6 discuses the governing chemistry 
of the iso-octane oxidation chemistry and Section 7.7 provides closure for this chapter. 
 
7.2 Experimental Conditions 
Both Controlled Cool Down (CCD) and Constant Inlet Temperature (CIT) 
experiments were conducted for the surrogate.  As with the individual components, the 
calibration for the fuel flow rate was accomplished using the THC analyzer technique 
during the CCD experiment setup, and the determined flow rate was utilized for both the 
CCD and CIT experiments.  After the establishment of the calibrated fuel flow rate and 
prior to the conversion of the nitrogen makeup to oxygen, a fuel calibration sample was 
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extracted to confirm the calibration point with the GC/MS for both the CCD and CIT 
experiments.  The desired experimental conditions used for the fuel calibration was a 
pressure of 8.0 atm, equivalence ratio of  0.60, and dilution of 65%, which equates to a 
fuel concentration of 4145 ppm.  As before, the GC/MS analysis of the fuel calibration 
samples showed significantly higher concentrations of the individual components as 
desired.  Using the calibration curves for the individual components, a total fuel 
concentration of 4960 ppm and 5128 ppm was determined for the CCD and CIT 
experiments, respectively.  Therefore, the experimental conditions were recalculated 
based upon and average concentration, Table 5.   
 
 
 
Table 6: Experimental conditions for the gasoline surrogate experiments 
Pressure 
(atm) 
Equivalence 
Ratio 
Residence 
Time 
(ms) 
Dilution 
(%) 
Fuel 
(ppm) 
8.0 ± 0.25 0.73 225 ± 22 65.0 5039 
     
Fuel 
(ml/min) 
Fuel 
(mol/mol-total) 
Nitrogen 
(mol/mol-total)
Oxygen 
(mol/mol-total) 
Velocity @ 
780 K 
(cm/sec) 
2.261 0.00504 0.92180 0.07316 157.9 
 
 
 
7.3 Model Conditions 
The main purpose of this study was to investigate the impact of alkenes and aromatics 
on the oxidation of alkanes, and to investigate the interactions of the functional groups.  
Since most of the species identified and quantified during the CCD and CIT experiments 
are those of n-heptane and iso-octane, the experimental results were compared to an 
existing detailed chemical model for n-heptane/iso-octane oxidation.  The mechanism 
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and thermochemistry chosen for comparison was the model by Curran et al. (1998b).  
The detailed reaction mechanism included 4200 elementary reactions among 1050 
chemical species.  The mechanism had been updated with new chemical rate parameters 
and thermodynamic parameters by Curran, Pitz, and Westbrook since being published; 
the version used in this study was mechanism version 2 and thermochemistry version 2d.  
Recently, the updated model was used to model homogeneous compression ignition 
(HCCI) engines with reasonable success (Sjöberg and Dec, 2004).  However, limited 
detailed information is available on the effectiveness of the model to predict the low and 
intermediate reactivity and species concentration profiles of the PRF blends.  The 
information garnered from these experiments will be passed back to the model developers 
in hopes of improving the mechanism. 
Since the mechanism only includes the detailed decomposition of n-heptane and iso-
octane, and a heavily reduced decomposition pathway for 1-pentene, an intermediate of 
n-heptane, the exact fuel conditions could not be directly modeled.  Therefore, to allow 
comparison with the experimental data and to elucidate the impact of toluene addition, 
the initial parameters for the reactants were modified to include only the mole fractions of 
n-heptane, iso-octane, and 1-pentene.  This essentially substituted nitrogen for the mole 
fraction of toluene. 
The plug application from Chemkin Version 3.7.1 was used to perform the 
calculations.  For the CCD experiment, the PFR was modeled as an isothermal reactor 40 
cm long with a 2.2 cm diameter.  The isothermal reactor model was chosen over the 
adiabatic model since the adiabatic model overpredicts the extent of reaction thus 
overpredicting the temperature rise along the length of the reactor.  Therefore, the 
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isothermal model was a better description of the conditions present during the CCD 
experiment.  As with n-heptane and iso-octane, a series of calculations were conducted 
over an array of inlet temperatures, 600 – 800 K, at 5 °C increments.  The stable 
intermediate species were reported every 1 cm, from which, the concentrations were 
interpolated for the desired residence time of 225 ms.  This procedure was repeated for 
each inlet temperature, and the results were exported to an Excel spreadsheet.  For the 
CIT experiments, the reactor continued to be modeled as an isothermal reactor.  Only one 
calculation was conducted at the specified temperature.  The stable intermediate species 
were reported every 1 cm, from which, the concentrations were interpolated for the 
desired residence times of the experimental samples. 
 
7.4 Results of Surrogate CCD Experiment 
The CCD experiment was conducted over the temperature range of 600 to 780 K.  
Higher temperatures were not possible without unduly stressing the experimental facility 
due to the very low flow rates involved.  A very strong negative temperature coefficient 
(NTC) behavior was observed, shown in Figure 74.  The start of the NTC region was 
observed at 693 K.  The start of the NTC region occurred approximately 15 °C lower 
then 1-pentene, and 10 °C lower then n-heptane, but considerably higher than iso-octane. 
 Identification and quantification of the intermediate combustion species was carried 
out for 14 temperatures in the low and intermediate temperature regime, indicated in 
Figure 74.  The results of this analysis are shown in the following series of figures.  The 
results are grouped according to the intermediate species functional groups and are 
plotted as a function of the sample temperature.  The modeling results are plotted on the 
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same graphs but are plotted as a function of the model inlet temperature, which is 
identical to the temperature at 225 ms residence time due to the isothermal model 
assumption.   
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Figure 74: CO, CO2, and THC measurements during the GS4c-1 CCD at 225 ms and sample 
extraction locations. 
 
 
 
Since the fuel was a mixture of multiple components, the conversion of each 
individual fuel was determined along with the overall fuel conversion.  The number of 
available carbon atoms was determined from each of the individual components and then 
used to calculate the overall carbon balance.  The results of the carbon balance and fuel 
conversion calculations are shown in Figure 75.  The extent of fuel conversion varied for 
each of the constituents but the degree of conversion was ranked according to the octane 
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number of the fuel.  Over 60% of the n-heptane was consumed, while only 10% of the 
toluene was consumed.  Of the fuel that was consumed, a slightly less then 90% of the 
carbon was accounted for in the identified intermediates, with unidentified species 
estimated to account for an additional 5 – 7%.  However, toluene exhibited a very strange 
behavior when quantified during the CCD and CIT experiment.  During the 
quantification of the fuel calibration, toluene would be measured in the proper 
percentages.  However, when the 600 and 780 K samples were quantified, they showed 
significantly more toluene (≈10%) than should be present.  Although some of the 
intermediates of n-heptane and iso-octane would coelute with toluene at higher reactivity, 
they were not observed at these temperatures.  It is unclear what was causing the “jump” 
in observed concentrations.   
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Figure 75: Carbon balance and fuel conversion calculations during the GS4c-1 CCD at 225 ms. 
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Figure 76 presents the fuel destruction during its oxidation, the formation of CO and 
CO2, the temperature rise from the inlet to sample location, and the associated 
mechanism predictions.  The model overpredicts the destruction of fuel components and 
the formation of carbon monoxide, which is partly due to the radical scavenging by 
toluene.   
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Figure 76: CO, CO2, and GS4c-1 components and temperature rise during the GS4c-1 CCD at 
225 ms. 
 
 
 
The major alkene intermediates during the oxidation of surrogate are shown in Figure 
77.  The most abundant component was 2-methyl-1-propene, which is produced by iso-
octane, while ethene and 1-propene are produced by all of the linear fuel constituents. 
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Figure 77: Major alkene intermediates during the GS4c-1 CCD at 225 ms. 
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Figure 78: Major alkene intermediates from the iso-octane fuel component during the GS4c-1 CCD 
at 225 ms. 
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The major alkene intermediates from the oxidation of the iso-octane constituent of the 
surrogate are shown in Figure 78, of which 2,2,4-trimethyl-1-pentene was the most 
abundant.  The inverted preference of the iso-octane conjugate alkenes between the PRF 
model and experiments was observed for the surrogate as with the neat iso-octane 
experiments. 
The minor alkene intermediates from the oxidation of the iso-octane constituent of the 
surrogate are shown in Figure 79, of which 4,4-trimethyl-2-pentene was the most 
abundant.  The iso-octane experiments also exhibited the dominance of the 4,4-dimethyl-
2-pentene compared to the other dimethyl-pentenes, contrary to the modeling predictions.  
Furthermore, the 4,4-dimethyl-cis-2-pentene isomer was preferred over 4,4-dimethyl-
trans-2-pentene by a factor of 4. 
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Figure 79: Minor alkene intermediates from the iso-octane fuel component during the GS4c-1 CCD 
at 225 ms. 
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The minor alkene intermediates from the oxidation of the n-heptane constituent of the 
surrogate are shown in Figure 80.  Although the model predictions appear to match the 
experimental results, the n-heptane mechanism tended to underpredict the formation of 
the conjugate alkenes.  With the PRF model overpredicting the reactivity of n-heptane 
and the addition of toluene reducing the overall reactivity, the model appears to match the 
overall magnitude of the conjugate alkene formation.  
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Figure 80: Minor alkene intermediates from the n-heptane fuel component during the GS4c-1 CCD 
at 225 ms. 
 
 
 
The minor alkene intermediates from the oxidation of the 1-pentene constituent of the 
surrogate and methane are shown in Figure 81.  However, since the 1-pentene was added 
in such small concentrations, the associated intermediates were in significantly smaller 
concentrations making detection extremely difficult.  In addition, the significantly 
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reduced 1-pentene mechanism included in the model did not permit comparisons with the 
model.  
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Figure 81: Minor alkene intermediates from the 1-pentene fuel component and methane during the 
GS4c-1 CCD at 225 ms. 
 
 
 
The only aromatic intermediate quantified from the oxidation of the toluene 
constituent of the surrogate was benzene, Figure 82.  However, trace concentration of 
ethyl-benzene were detected by the MS, but as ethyl-benzene coelutes with 2-isopropyl-
3,3-dimethyl-oxetane it was not quantified with the FID.  The presence of ethyl-benzene 
was somewhat unexpected, as it was not observed by either Leppard (1992) or Ciajola et 
al. (1993).  During the experiments, no peak from 1,3-cyclopentadiene was found, 
indicating that the benzene ring remains intact in this temperature regime. 
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Figure 82: Major aromatic intermediate from the toluene fuel component during the GS4c-1 CCD at 
225 ms. 
 
 
 
The major aldehyde intermediates from the oxidation of the surrogate are shown in 
Figure 83, of which formaldehyde was the most abundant.  The toluene constituent of the 
surrogate produced large concentrations of benzaldehyde.  As with the individual models 
for n-heptane and iso-octane, the formation of acetaldehyde was overpredicted. 
The minor aldehyde intermediates from the oxidation of the surrogate are shown in 
Figure 84 to Figure 86, of which butanal and 2-methyl-2-propenal were the most 
abundant.  It is interesting to note that the model predicts a definite peak in the maximum 
formation of most of the aldehydes which occurs around 10 °C before it predicts the peak 
of the NTC region.  The experimental data does show that most of the aldehydes peak 
earlier than the start of the NTC region, but not the pronounced peak that the model 
predicts. 
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Figure 83: Major aldehyde intermediates during the GS4c-1 CCD at 225 ms. 
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Figure 84: Lower molecular weight minor aldehyde intermediates during the GS4c-1 CCD at 225 ms. 
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Figure 85: Higher molecular weight minor aldehyde intermediates during the GS4c-1 CCD at 
225 ms. 
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Figure 86: Trace aldehyde intermediates during the GS4c-1 CCD at 225 ms. 
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The only major ketone intermediate from the oxidation of the surrogate was 2-
propanone, shown in Figure 87.  The mechanism significantly overpredicts the formation 
of 2-propanone by an order of magnitude, which was also observed in the neat iso-octane 
model.  As noted previously, the continued overprediction of the model or 
underquantification of the experiment would suggest that the ketones were either not 
being extracted and stored stably in the multiple sample loop cart prior to analysis, or 
there are additional decomposition pathways that have not been included in the models. 
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Figure 87: Major ketone intermediate during the GS4c-1 CCD at 225 ms. 
 
 
 
The minor ketone and alcohol intermediates from the oxidation of the surrogate are 
shown in Figure 88 and Figure 89.  The toluene constituent of the surrogate produced 
minor concentrations of phenol and despite significant scatter, the formation peaks 
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around the start of the NTC region.  The iso-octane constituent of the fuel produced 
minor concentrations of both 4,4-dimethyl-2-pentanone and 2,2,4-trimethy-3-pentanone.   
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Figure 88: Minor ketone intermediates and phenol during the GS4c-1 CCD at 225 ms. 
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Figure 89: Minor ketone intermediates from the iso-octane fuel component during the GS4c-1 CCD 
at 225 ms. 
 
 
 
The major ether intermediate from the oxidation of the surrogate was 2,2,4,4-
tetramethyl-tetrahydrofuran, shown in Figure 90.  Despite the addition of toluene and the 
overprediction of the oxidation of n-heptane and iso-octane, the model does an excellent 
job at predicting their formation.  The minor ether intermediates are shown in Figure 91. 
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Figure 90: Major ether intermediates during the GS4c-1 CCD at 225 ms. 
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Figure 91: Minor ether intermediates during the GS4c-1 CCD at 225 ms. 
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7.5 Results of Surrogate CIT Experiment 
The CIT experiment was conducted over a range of 10 to 36 cm along the axial length 
of the reactor.  The axial temperature profile of the reactor at the sample locations are 
shown in Figure 92.  Using an inlet temperature of 722 K, the residence time ranged from 
110 to 280 ms. 
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Figure 92: Axial temperature profile and sample locations during the GS4c-1 CIT. 
 
 
 
Since the fuel was a mixture of multiple components, the conversion of each 
individual fuel was determined along with the overall fuel conversion.  The number of 
available carbon atoms was determined from each of the individual components and then 
used to calculate the overall carbon balance.  The results of the carbon balance and fuel 
conversion calculations are shown in Figure 93.  The extent of fuel conversion varied for 
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each of the constituents.  Almost 40% of the n-heptane was consumed at the higher 
residence times, while only 10% of the toluene was consumed.  Of the fuel that was 
consumed, around 95% of the carbon was accounted for in the identified intermediates. 
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Figure 93: Carbon balance and fuel conversion calculations during the GS4c-1 CIT. 
 
 
 
Figure 94 presents the fuel destruction along the axial length of the reactor, the 
formation of CO and CO2, and the associated mechanism predictions.  As with the CCD, 
CO formation and the amount of n-heptane and iso-octane conversion were significantly 
overpredicted, but the trends of the decay and formations are very similar. 
The major alkene intermediates during the oxidation of the surrogate mixture are 
plotted in Figure 95.  The most abundant component was 2-methyl-1-propene, which was 
produced by iso-octane, while ethene and 1-propene are produced by 1-pentene and n-
heptane. 
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Figure 94: CO, CO2, and fuel components during the GS4c-1 CIT experiment at 722 K. 
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Figure 95: Major alkene intermediates during the GS4c-1 CIT at 722 K. 
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The major alkene intermediates from the oxidation of the iso-octane constituent of the 
surrogate are presented in Figure 96, of which 2,2,4-trimethyl-1-pentene was the most 
abundant.  The experiments showed a more significant decrease in formation of the iso-
octane conjugate alkenes than the model predicted. 
The minor alkene intermediates from the oxidation of the iso-octane constituent of the 
surrogate are shown in Figure 97, of which 4,4-trimethyl-2-pentene was the most 
abundant.  The formation of 4,4-dimethyl-2-pentene and 4,4-dimethyl-1-pentene 
decreased by approximately 50% over the range of residence times examined.  Neither 
the model predictions nor the 2,4-dimethyl-pentenes showed such a gradual decrease.   
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Figure 96: Major alkene intermediates from the iso-octane fuel component during the GS4c-1 CIT at 
722 K. 
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Figure 97: Minor alkene intermediates from the iso-octane fuel component during the GS4c-1 CIT at 
722 K. 
 
 
 
The minor alkene intermediates from the oxidation of the n-heptane constituent of the 
surrogate are plotted in Figure 98, of which 2-heptene was the most abundant.  Unlike the 
neat n-heptane experiments, the formation of the conjugate alkenes was on the same 
order as the formation of 1-hexene. 
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Figure 98: Minor alkene intermediates from the n-heptane fuel component during the GS4c-1 CIT at 
722 K. 
 
 
 
The minor alkene intermediates from the oxidation of the 1-pentene constituent of the 
surrogate and methane are shown in Figure 99.  However, since the 1-pentene was added 
in such small concentrations, the associated intermediates were in significantly smaller 
concentrations making detection extremely difficult.  The formation of methane was 
below the detection limit of the FID, thus it was not detected.  However, it should be 
noted that all of the alkenes exhibited a much slower rise their steady state levels than the 
either the model or the neat experiments showed. 
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Figure 99: Minor alkene intermediates from the 1-pentene fuel component during the GS4c-1 CIT at 
722 K. 
 
 
 
The only aromatic intermediate quantified from the oxidation of the toluene 
constituent of the surrogate was benzene, Figure 100.  The benzene also showed a 
significant decrease in reactivity at shorter residence times, as exhibited by many of the 
alkene species.  The benzene formation also exhibited the very slow buildup time to the 
steady state levels at approximately 200 ms.  As during the CCD experiments, ethyl-
benzene was detected but not quantified.   
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Figure 100: Major aromatic intermediate from the toluene fuel component during the GS4c-1 CIT at 
722 K. 
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Figure 101: Major aldehyde intermediates during the GS4c-1 CIT at 722 K. 
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The major aldehyde intermediates from the oxidation of the surrogate are shown in 
Figure 101, of which formaldehyde was the most abundant.  As with the CCD 
experiments, the toluene constituent of the fuel produced large concentrations of 
benzaldehyde.   
The minor aldehyde intermediates from the oxidation of the surrogate are shown in 
Figure 102 to Figure 104, of which butanal and 2-methyl-2-propenal were the most 
abundant.  Since significant scatter is present in the results, it is difficult to verify if the 
trend is either decreasing or increasing as the model indicates.  As with the other 
experiments, the model significantly overpredicts the formation of propanal. 
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Figure 102: Lower molecular weight minor aldehyde intermediates during the GS4c-1 CIT at 722 K. 
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Figure 103: Higher molecular weight minor aldehyde intermediates during the GS4c-1 CIT at 722 K. 
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Figure 104: Trace aldehyde intermediates during the GS4c-1 CIT at 722 K. 
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The only major ketone intermediate from the oxidation of the surrogate was 2-
propanone, shown in Figure 105.  As previously noted, the mechanism overpredicts the 
formation of 2-propanone by an order of magnitude, which was also observed in the neat 
iso-octane model. 
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Figure 105: Major ketone intermediate during the GS4c-1 CIT at 722 K. 
 
 
 
The minor ketone and alcohol intermediates from the oxidation of the surrogate are 
shown in Figure 106 and Figure 107.  The toluene constituent of the fuel produced minor 
concentrations of phenol and despite some scatter, its formation was relatively constant 
over the observed residence times.  The iso-octane constituent of the fuel produced minor 
concentrations of 4,4-dimethyl-2-pentanone which decreased considerably at longer 
residence times.   
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Figure 106: Lower molecular weight minor ketone intermediates and phenol during the GS4c-1 CIT 
at 722 K. 
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Figure 107: Minor ketone intermediates from the iso-octane fuel component during the GS4c-1 CIT 
at 722 K. 
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The major ether intermediate formed during the oxidation of the surrogate was 
2,2,4,4-tetramethyl-tetrahydrofuran, Figure 108, and the minor ether intermediates are 
shown in Figure 109.  The quantification of 2-tert-buytl-3-methyl-oxetane was unique in 
these studies, as it shows significant variation from one sample to the next during the 
both the CCD and CIT.  However, this behavior was not observed during the neat iso-
octane experiments.  The cause of the variation is unknown. 
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Figure 108: Major ether intermediates during the GS4c-1 CIT at 722 K. 
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Figure 109: Minor ether intermediates during the GS4c-1 CIT at 722 K. 
 
 
 
7.6 Discussion of Surrogate Results and Governing Chemistry 
Examination of the intermediate species distribution of the surrogate revealed that the 
relative proportions of each of the functional groups were much closer to each other 
observed for the neat fuels and no single functional group was preferred, Figure 110.  
However, should the estimation of the formation of formaldehyde be included, the 
aldehydes would become the most dominant species by increasing the net aldehyde yield 
to over 18%.  Similar to 1-pentene, the aldehyde formation was very closely related to the 
extent of reaction and exhibited a very strong peak at the start of the NTC region.   
Ethers would be the second most abundant functional group formed in the low and 
intermediate temperature regime.  During the CCD experiment, approximately 10% of 
the total fuel was converted to ethers and their formation peaked at the start of the NTC 
region, 690 K.  The ethers formed by iso-octane were the dominant ethers, accounting for 
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over 89% of the ethers, while n-heptane produced the remaining percentage.  The major 
1-pentene ether, 2-propyl-oxirane, was not observed as it coeluted with iso-octane. 
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Figure 110: Conversion yield of the total fuel to each functional group during the GS4c-1 CCD at 
225 ms. 
 
 
 
Alkene formation represented the third most abundant functional group over much of 
the temperature regime accounting for over 6% of the total initial fuel concentration at its 
maximum.  Like the neat results, the alkene formation peaked at a slightly higher 
temperature than the start of the NTC region by roughly 10 °C.  The peak of formation of 
the individual alkene species varied quite significantly, but most of the major alkenes 
peaked at or above the start of the NTC region.  The most notable exceptions were the 
methyl-1-pentenes which peak prior to the start of the NTC region.  In addition, the only 
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quantified aromatic, benzene, peaked sharply at the start of the NTC region.  This 
suggests that the formation of benzene is strongly related to the growth of the radical 
pool. 
As observed with all of the neat fuels, less then 2% of the available surrogate fuel was 
converted to ketones and the conversion to ketones slowly built up until the start of the 
NTC region.  Only a few alkanes were observed, almost all of which were fuel 
contaminants.  Regardless of the functional group, many of the compounds exhibit a very 
slow buildup time to steady state conditions during the CIT experiments.  It is likely that 
the radical scavenging capability of toluene is causing the slower buildup of the 
intermediates species.  
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Figure 111: Conversion yield of the toluene to each intermediate and carbon balance for the ring 
structures during the GS4c-1 CCD at 225 ms. 
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During the oxidation of the surrogate, four major species were formed from the 
oxidation of toluene, benzaldehyde, benzene, phenol, and ethyl-benzene.  The presence of 
ethyl-benzene and phenol were unexpected, as they were not observed in previous 
autoignition studies.  To determine if these were the only species resulting from the 
oxidation of the toluene, a carbon balance was completed for only the quantified ringed 
compounds, Figure 111.  The “ring balance” showed that over 100% of the available 
rings were accounted for by toluene, and the three quantified intermediates.  The greater 
than 100% was the result of the percentage calculations being based on the fuel 
calibration levels and due to the previously mentioned “jump” in the quantified 
concentration between the fuel calibration level and during the reaction.  This carbon 
balance issue and the fact that no 1,2-cyclopentadiene was observed indicates that in the 
low and intermediate temperature regime the benzene ring remains intact.  Benzaldehyde 
represented the most abundant intermediate species accounting for over 6% of the total 
initial toluene.  Phenol and benzene were produced in nearly identical concentrations and 
accounted for approximately 1% of the total initial toluene.  Assuming, that if the 6% 
decrease in ring balance at the start of the NTC region was solely due to ethyl-benzene, 
then ethyl-benzene would be observed at concentrations near that of benzaldehyde.   
The mechanism forwarded by Ciajola et al. (1993) for the reaction of toluene in the 
low temperature regime does predict the formation of the benzaldehyde and benzene, but 
not the formation of phenol or ethyl-benzene since they were not observed during their 
experiments.  The following pathways are being proposed for the formation of phenol 
and ethyl-benzene. 
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32 HCHC && +φ ⎯→← 32CHCHφ  
HO&& +φ  ⎯→← OHφ  
ROOH+φ&  ⎯→← OROH &+φ
 
 
 
However, it is possible that the interaction between the long lived radicals formed 
during toluene decomposition not only occurs through the small radicals, namely 2OH & , 
HO& , and 3HC& , but also may include larger radicals, as recently suggested by Vanhove et 
al. (2004).  Nevertheless, it appears that in the low and intermediate temperature regimes, 
that toluene does actively react with the radical pool generated by the other compounds, 
contrary to the results of Khan (1998). 
 A closer examination of the functional group product distributions of the neat 
components versus that of the surrogate mixture showed significant changes in the 
overall formation of the functional groups.  For each of the fuels, the intermediate species 
distributions were normalized by the alkene content.  All of the aldehyde profiles do not 
include the estimation of formaldehyde formation.  During the oxidation of 1-pentene, the 
ratio of aldehydes to ethers to alkenes at 690 K (the start of the NTC region for the 
surrogate) was 3.0 : 0.19 : 1.0, Figure 112. 
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Figure 112: Yield ratio of the functional groups during the 1-pentene CCD at 175 ms. 
 
 
 
During the oxidation of n-heptane, the ratio of aldehydes to ethers to alkenes at 690 K 
was 2.1: 0.83: 1.0, Figure 113.  While for the oxidation of iso-octane, the ratio of 
aldehydes to ethers to alkenes at 660 K was used since no reactivity was observed at 690 
K and was 0.5: 2.0: 1.0, Figure 114. 
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Figure 113: Yield ratio of the functional groups during the n-heptane CCD at 100 ms. 
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Figure 114: Yield ratio of the functional groups during the iso-octane CCD at 250 ms. 
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During the oxidation the surrogate mixture, the ratio of aldehydes to ethers to alkenes 
at 690 K was 1.0: 1.48: 1.0, Figure 115.  A significant shift was observed in the relative 
ratio of the intermediate species by the addition of toluene and 1-pentene.  Most notably, 
the relative ratios between the functional groups had significantly less spread than for the 
individual components. 
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Figure 115: Yield ratio of the functional groups during the GS4c-1 CCD at 225 ms. 
 
 
 
 To further investigate the interaction of the hydrocarbons present in the surrogate 
mixture, select species were identified from each functional group that were only 
products of a single fuel component.  For iso-octane, 4,4-dimethyl-2-pentene, 2,4,4-
trimethyl-2-pentene, and 2,2,4,4-tetramethyl-tetrahydrofuran were selected.  For n-
heptane, 1-hexene, 2-heptene, and 2-methyl-5-ethyl-tetrahydrofuran were selected.  
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Although, 1-pentene is an intermediate of n-heptane, the conversion of n-heptane to 1-
pentene was very small.  Thus, it was reasonable to assume 1-pentene derived from n-
heptane would be negligible compared to the addition of 1-pentene to the surrogate.  
Therefore, for 1-pentene, 1,3-butadiene and 1,3-pentandiene were selected.  No ether 
component could be isolated for 1-pentene since the major ether peak coeluted with the 
iso-octane.  The ratios of each of the neat components were normalized by the initial fuel 
concentrations and compared to the ratio observed in the surrogate.  For the 1-pentene, a 
reduction in half was observed for the ratio between the conjugate alkene and the fuel 
between the neat mixture and the surrogate mixture, 8.6:1000 to 4.3:1000, respectively.  
However, for n-heptane and iso-octane, a slight increase of 10% was observed for the 
ratio between the conjugate alkene and the fuel between the neat mixtures and the 
surrogate mixture.  The most substantial shift occurred in the formation of the lower 
molecular weight alkenes for the alkane species.  For n-heptane and iso-octane, a major 
increase of 80 and 70%, respectively, from the neat mixtures to the surrogate mixture was 
observed in the ratio between the lower molecular weight alkene and the fuel.  The 
conjugate alkene for 1-pentene was not detected in the surrogate mixture at 690 K.  The 
results of the ethers were more mixed.  For n-heptane, a minor decrease of 10% was 
observed for 2-methyl-5-ethyl-tetrahydrofuran between the neat mixture and the 
surrogate mixture.  While for iso-octane, an increase of 30% of 2,2,4,4-tetramethyl-
tetrahydrofuran was observed between the neat mixture and the surrogate mixture.  The 
increase in the smaller molecular weight alkenes was likely due to the additional 
formations of the alkyl radical, )(R& , by abstraction of an hydrogen by a phenyl radical.  
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7.7 Closure 
Both CCD and CIT experiments were conducted on a 4-component surrogate in the 
low and intermediate temperature regime at elevated pressures (8 atm) under dilute and 
lean conditions.  The surrogate was a mixture of 4.6% 1-pentene, 14% n-heptane, 49.6% 
iso-octane, and 31.8% toluene.  During the CCD experiment, a strong NTC behavior was 
observed to start at 693 K.  The start of the NTC region occurred approximately 15 °C 
lower than 1-pentene, and 10 °C lower than n-heptane, but considerably higher than iso-
octane.   
Detailed speciation measurements were made during both CCD and CIT experiments 
to identify the intermediates and the pathways governing the oxidation of mixture.  
During the oxidation of the surrogate, four “new” major species were identified and 
associated with the oxidation of toluene: benzaldehyde, benzene, phenol, and ethyl-
benzene.  Analysis of the results indicated that all of the available toluene carbon was 
accounted for in these four species and that the benzene ring remains intact in the low and 
intermediate temperature regime.  Benzaldehyde represented the most abundant 
intermediate species accounting for over 6% of the total toluene.  Phenol and benzene 
were produced in nearly identical concentrations and accounted for approximately 1% of 
the total toluene.  Since, ethyl-benzene coelutes with 2-isopropyl-3,3-dimethyl-oxetane, it 
was not quantified.  The mechanism forwarded by Ciajola et al. (1993) for the reaction of 
toluene in the low temperature regime failed to predict the formation of phenol and ethyl-
benzene.  Therefore, three new pathways have been suggested to account for their 
formation.  However, it is possible that the interaction between the long lived radicals 
formed during toluene oxidation not only occurs through the small radicals, but may 
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include larger radicals.  Nevertheless, it appears that in the low and intermediate 
temperature regimes, that toluene does actively react with the radical pool generated by 
the other compounds, contrary to the results of Khan (1998).  The addition of toluene and 
1-pentene significantly increased the formation of lower molecular weight alkenes of n-
heptane and iso-octane.  The major ether species were also affected by the addition of the 
other functional groups.  For n-heptane, a minor decrease of 10% was observed for 2-
methyl-5-ethyl-tetrahydrofuran between the neat studies and the surrogate studies.  For 
iso-octane, an increase of 30% was observed for 2,2,4,4-tetramethyl-tetrahydrofuran 
between the neat studies and the surrogate studies. 
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8. Conclusions and Recommendations 
 
8.1 Introduction 
The oxidation of 1-pentene, n-heptane, iso-octane and a mixture of 1-pentene, n-
heptane, iso-octane and toluene was studied in the low and intermediate temperature 
regime at elevated pressures.  Detailed species measurements were made during both 
controlled cool down experiments and constant inlet temperature experiments.  This 
study was part of an ongoing program to study the autoignition behavior of fuel mixtures 
that more closely match the composition of real world fuels.  The results of this study 
will aid in the understanding of the interaction of the hydrocarbon functional groups prior 
to the autoignition process and aid in the development of kinetic mechanisms that include 
multiple functional groups. 
 
8.2 Summary of 1-Pentene Results 
The oxidation of 1-pentene was studied from 620 to 800 K at a pressure of 8 atm 
under lean and dilute conditions.  A strong NTC behavior was observed in this CCD 
experiment, the start of which occurred at 710 K.  A CIT experiment was not conducted 
due to a limited supply of the purified fuel. 
Detailed species measurements were obtained during the CCD experiment.  The 
species identified and quantified included CO, CO2, ethene, formaldehyde, 1-propene, 
acetaldehyde, 1-butene, 1,3-butadiene, 2-propenal, 2-butanone,  propanal, 1-pentene, n-
pentane, 2-pentene (cis & trans), 1,3-pentadiene (cis & trans), cyclopentene, 3-buten-2-
one, butanal, 2-methyl-furan, 2-propyl-oxiran, 2-pentenal, and 1-penten-3-ol.  The major 
species identified were formaldehyde, butanal, and acetaldehyde   
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The results of a mechanistic analysis showed that 1-pentene decompositions occurs 
through both alkane and alkene type pathways.  The preferred alkene type pathway was 
through HO2 addition to the double bond, the so-called “Waddington” mechanism, which 
is responsible for the large formations of butanal and formaldehyde.  The preferred 
alkane type pathways were through the decomposition of eOOHHcC −85  to form 2-
propenal and ethene and through the decomposition of dOOHOOHHCc −75& to form 
acetaldehyde.  Overall, the “Waddington” mechanism was the dominant pathway for the 
decomposition of 1-pentene.  This conclusion is consistent with research by Minetti et al. 
(1999) and Leppard (1989), but is in stark contrast to the 1-pentene studies previously 
conducted in the Drexel flow reactor by Prabhu et al. (1996) and Wood (1994).  Wood 
and Prabhu concluded that due to the lack of butanal and the abundant formations of 
propanal and 2-methyl-tetrahydrofuran that alkene type decompositions pathways were 
not important.  However, this conclusion was likely due to fuel contamination by n-
pentane.  Many of the other compounds observed during Prahbu’s study are in similar 
concentrations and relative proportions to this study, namely formaldehyde, 2-propenal, 
1-propene, ethene, 1,3-butadiene, and acetaldehyde.  Nevertheless, as the alkene 
molecules become larger and more like those present in automotive fuels, it is reasonable 
to assume that radical addition would become less important.   
 
8.3 Summary of n-Heptane Results 
The oxidation of n-heptane was studied from 600 to 800 K at a pressure of 8 atm 
under lean and dilute conditions at a residence time of 100 ms (CCD Experiment) and 
over a range or residence times (45 to 120 ms) at a temperature of 727 K and a pressure 
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of 8 atm (CIT Experiment).  During the CCD experiments, a strong NTC behavior was 
observed, the start of which occurred at 703 K.   
Detailed species measurements were obtained during the CCD and CIT experiments.  
The species identified and quantified during these experiments included CO, CO2, 
methane, ethene, formaldehyde, 1-propene, acetaldehyde, 1-butene, 1,3-butadiene, 2-
propenal, propanal, 1-pentene, 3-buten-2-one, butanal, 1-hexene, 2-methyl-furan, 2-
butenal, 1-Penten-3-one, pentanal, 1-heptene, trans-3-heptene, n-heptane, 2-heptene (cis 
& trans), 2-pentenal, 2-methyl-5-ethyl-tetrahydrofuran (cis & trans), 2-methyl-4-propyl-
oxetan, 2-ethyl-3-propyl-oxiran, 2-methyl-3-butyl-oxiran, 2-propyl-tetrahydrofuran, 3-
heptanone, and 2-heptanone. The major species identified were formaldehyde, 
acetaldehyde, and 2-methyl-5-ethyl-tetrahydrofuran. 
The results of both experiments were compared to a reported detailed n-heptane 
model (Curran et al., 1998a).  The detailed reaction mechanism included 2450 elementary 
reactions among 550 chemical species.  Model predictions and experimental data were 
generally in good agreement.  The major pathway identified for the formation of the 
aldehydes was the decomposition of the dihydroperoxyheptyl radical 
( OxOOOHHxC &−147 ).  As the temperature increased beyond the start of the NTC 
region, the formation of the alkenes and ethers rapidly increased.  This was due to the 
backward shift of the addition of O2 to heptyl ( 157 HC& ) and heptylhydroperoxy 
( OOHHC 147& ) radicals resulted in a larger fraction of 157 HC&  and OOHHC 147&  radicals 
available for the formation of the conjugate alkenes and cyclic ethers.  
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8.4 Summary of iso-Octane Results 
The oxidation of 2,2,4-trimethyl-pentane (iso-octane) was studied from 600 to 765 K 
at a pressure of 8 atm under stoichiometric and dilute conditions at a residence time of 
250 ms (CCD Experiment) and over a range or residence times (125 to 330 ms) at a 
temperature of 676 K and a pressure of 8 atm (CIT Experiment).  During the CCD 
experiments, a weak NTC behavior was observed, the start of which occurred at 665 K.   
Detailed species measurements were obtained during the CCD and CIT experiments.  
The species identified and quantified during these experiments included CO, CO2, 
formaldehyde, 1-propene, acetaldehyde, 2-methyl-1-propene, 2-butanone, propanal, 2-
propanone, 2-methyl-propanal, 2-methyl-2-propenal, 2,2-dimethyl-propanal, 4,4-
dimethyl-1-pentene, 4,4-dimethyl-2-pentene (cis & trans), 2,4-dimethyl-1-pentene, 2,4-
dimethyl-2-pentene, 2,2,4-trimethyl-pentane, 2,4-dimethyl-1,3-pentadiene, 2,4-dimethyl-
furan, 2,4,4-trimethyl-1-pentene, 2,4,4-trimethyl-2-pentene, 4,4-dimethyl-2-pentanone, 
2,2,4,4-tetramethyl-tetrahydrofuran, 2-tert-butyl-3-methyl-oxetan, 2,2,4-trimethyl-3-
pentanone, 2-isopropyl-3,3-dimethyl-oxetan, and 2,2-dimethyl-hexanal.   
The results of the experiments were compared to a reported detailed iso-octane model 
(Curran et al., 2002).  The detailed reaction mechanism included 3600 elementary 
reactions among 860 chemical species.  Model predictions and experimental data were 
generally very poor, as the decomposition of isooctane was significantly overpredicted.  
The major pathways identified for the formation of the ethers was the though the initial 
abstraction of an “a” hydrogen and subsequent internal isomerization of both 
bOOHHCa −168&  and cOOHHCa −168&  resulting in the formation of of 2-isopropyl-3,3-
dimethyl-oxetane and 2,2,4,4-tetramethyl-tetrahydrofuran, respectively. 
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8.5 Summary of Gasoline Surrogate Results 
The oxidation of the gasoline surrogate, GS4c-1, a mixture 4.6% 1-pentene, 14% n-
heptane, 49.6% iso-octane, and 31.8% toluene, was studied from 600 to 780 K at a 
pressure of 8 atm under lean and dilute conditions at a residence time of 225 ms (CCD 
Experiment) and over a range or residence times (110 to 280 ms) at a temperature of 722 
K and a pressure of 8 atm (CIT Experiment).  During the CCD experiment, a strong NTC 
behavior was observed to start at 693 K.  The start of the NTC region occurred 
approximately 15 °C lower than 1-pentene, and 10 °C lower than n-heptane, but 
considerably higher than iso-octane.    
Detailed species measurements were obtained during the CCD and CIT experiments.  
The species identified and quantified included CO, CO2, ethene, formaldehyde, 1-
propene, acetaldehyde, 2-methyl-1-propene,1,3-butadiene, 2-propenal, propanal, 2-
propanone,1-pentene, 1,3-pentadiene (cis & trans), 2-methyl-propanal, 2-methyl-2-
propenal, 3-buten-2-one, butanal, 2,2-dimethyl-propanal, 1-hexene, 4,4-dimethyl-1-
pentene, 4,4-dimethyl-2-pentene (cis & trans), 2,4-dimethyl-1-pentene, 2,4-dimethyl-2-
pentene, benzene, 1-penten-3-one, pentanal, 2,2,4-trimethyl-pentane, trans-3-heptene, n-
heptane, 2-heptene (cis & trans), 2,4,4-trimethyl-1-pentene, 2,4,4-trimethyl-2-pentene, 2-
pentenal, toluene, 4,4-dimethyl-2-pentanone, 2-methyl-5-ethyl-tetrahydrofuran (cis & 
trans), 2,2,4,4-tetramethyl-tetrahydrofuran, 2-tert-butyl-3-methyl-oxetan, 2-methyl-4-
propyl-oxetan, 2,2,4-trimethyl-3-pentanone, 2-isopropyl-3,3-dimethyl-oxetan, 2-propyl-
tetrahydrofuran, 2,2-dimethyl-hexanal, benzaldehyde, and phenol. 
The results of the experiments were compared to a current detailed PRF model 
(Curran et al., 1998b).  The detailed reaction mechanism included 4200 elementary 
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reactions among 1050 chemical species.  Model predictions and experimental data were 
generally in good agreement, particularly given the fact that no toluene submechanism 
was included and a much abbreviated 1-pentene decomposition was included. 
During the oxidation of the surrogate, four “new” major species were identified and 
associated with the oxidation of toluene: benzaldehyde, benzene, phenol, and ethyl-
benzene.  Analysis of the results indicated that all of the available toluene carbon was 
accounted for in these four species and that the benzene ring remained intact in the low 
and intermediate temperature regime.  The mechanism forwarded by Ciajola et al. (1993) 
for the reaction of toluene in the low temperature regime failed to predict the formation 
of phenol and ethyl-benzene.  Therefore, three new pathways have been suggested to 
account for their formation.  However, it is possible that the interaction between the long 
lived radicals formed during toluene oxidation not only occurs through the small radicals, 
but may include larger radicals (Vanhove et al., 2004).  Nevertheless, it appears that in 
the low and intermediate temperature regimes, that toluene does actively react with the 
radical pool generated by the other compounds, contrary to the results of Khan (1998).  
The addition of toluene and 1-pentene significantly increased the on the formation of 
lower molecular weight alkenes of n-heptane and iso-octane, but decreased the formation 
of 2-methyl-5-ethyl-tetrahydrofuran from n-heptane by 10%, while increasing the 
formation of 2,2,4,4-tetramethyl-tetrahydrofuran from iso-octane by 30%. 
 
8.6 Recommendations for Future Work 
The goal of this work and future work was to assist in the development of kinetic and 
mechanistic descriptions of autoignition phenomena for fuel components and blends that 
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are representative of real fuels.  This research has made significant progress and 
contribution towards this goal.  However, refining kinetic and mechanistic descriptions 
will require the development of models that include aromatic oxidation and a more 
detailed description of alkene oxidation in an alkane mechanism.  Furthermore, a 
surrogate will have to be used to validate the mechanism under a broad range of 
conditions and in a variety of experimental facilities.  The current PRF model by Curran, 
Pitz, and Westbrook is a significant first step to develop a combined mechanism.  With 
these factors in mind, there are several potential directions for future work.   
First, the surrogate used in this study could have included an alkene component that is 
more abundant in gasoline fuels and closer to the average molecular weight of these 
fuels.  In addition, the representative alkene could be selected such that oxidation of the 
species was already included in the n-heptane or iso-octane models.  The suggestion 
would be to use one of the conjugate alkenes of either n-heptane or iso-octane or to 
include one of each.  Once the alkene was selected, a series of benchmark neat fuel 
experiments should be conducted in a similar fashion to those conducted in the present 
study.  In addition, CCD and CIT experiments should be conducted for the mixtures of n-
heptane/iso-octane, n-heptane/iso-octane/alkene, n-heptane/iso-octane/toluene, and n-
heptane/iso-octane/toluene/alkene to isolate the chemical effects of each functional 
group.  Secondly, a simplified 5-step low temperature reaction mechanism for toluene 
could be added to the existing PRF mechanism as an initial first step.  The results of this 
mechanism could then be compared to the results of this study to help elucidate how 
aromatics affect the mechanism and radical pool growth.    
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From an experimental perspective, two improvements could be made to the 
pressurized flow reactor facility to improve the experimental results.  First, the error 
between the desired and actual fuel concentrations must be addressed.  Several options 
are feasible to allow for a more accurate calibration of large molecular weight fuels.  This 
includes purchasing a calibration standard of higher molecular weight, or vaporizing a 
volume of the fuel and subsequent measurement of the signal response.  Secondly, 
significant errors in the retention times exist due to the errors associated with the bulk 
nitrogen flow controller.  The suggestion would be to attempt to find a more accurate 
flow controller and replace the current controller. 
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Appendix A: LabVIEW Data Acquisition and Control System 
 
A.1 Introduction 
 The Pressurized Flow Reactor (PFR) facility was designed to facilitate the 
understanding of the low and intermediate temperature oxidation chemistry of 
hydrocarbon fuels at various pressures.  The facility and its data acquisition and control 
system was originally designed by Koert and was well documented in his Ph.D. 
dissertation (Koert, 1990).  During the intervening years, various upgrades and 
modifications to the PFR have been made, including; addition of a liquid flow controller 
(Wood, 1994), updated LabVIEW programming, and other assorted updates.  However, 
most of the facility has not been updated since its inception and the completed updates 
have limited documentation.  In preparation for the experiments documented in this 
thesis, major updates in the PFR’s data acquisition and control system, liquid fuel 
delivery system, and post oxidation gas analysis system were conducted.  This appendix 
documents the current version of the LabVIEW code and data acquisition and control 
hardware. 
 
A.2 LabVIEW Upgrades 
 Prior to the start of this thesis, a major renovation of the LabVIEW code and 
hardware was conducted to improve the overall performance and stability of the PFR.  
Essentially, all of the previous data acquisition and control hardware and software were 
replaced and upgraded.   
First, the Macintosh computer system was replaced with a Microsoft Windows based 
PC (Dell Pentium III 550Mhz) and LabVIEW was upgraded to version 6i for the PC.  
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Next, due to the inability to use the old National Instruments hardware, the NB-MIO-16 
was replaced with a PCI-MIO-16E-4 card, this card has 16 analog input channels, 8 
digital I/O channels, and 2 Analog output channels which is comparable to the previous 
card.  Furthermore, the standard breakout board was replaced with a National Instruments 
SCC signal conditioning breakout.  The SCC breakout greatly improves the flexibility of 
the National Instruments card by allowing signal conditioning on a per-channel basis.  
Depending on the signal condition module in use, a vast array of signals can be 
measured, such as, thermocouples, RTDs, strain gauges, accelerometers, isolated analog 
input, frequency-to-voltage conversion, 0 to 20 mA current inputs, low-pass filtering, and 
isolated digital input/outputs.  For the PFR, modules for 3 channels for Type K 
thermocouples (SCC-TC02), 4 channels of 0 to 20 mA current inputs (SCC-CI20), 6 
channels of 0 – 5 V analog inputs (SCC-AI04) were installed.  The installed modules 
allowed for increased measurement accuracy and decreased signal noise due to filtering, 
thus improving the overall quality of the data collected.  Finally, an additional serial 
communication card (National Instruments PCI-232/2) was installed to communicate 
with the new fuel delivery system.   
 
A.3 General Operation 
The basic construct of the LabVIEW code has not changed significantly since Koert, 
however, the implementation and capabilities have.  There are two main interfaces, the 
first is the interface for the operation of the PFR and the second is for the retrieval of the 
logged data.  The “PFR_Auto_Control” virtual instrument (VI) code interfaces to the 
instruments which control and monitor the PFR.  As a result, this VI communicates with 
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30 subVIs depending the desired functionality (Figure 116).  The documentation of each 
of the subVIs and their function will be described in the next section.  The retrieval of the 
logged data is done using the “PFR_Datalogger” VI code.  This VI interfaces with the 
LabVIEW data logging functions that are manually enabled during the operation of the 
“PFR_Auto_Control” code and exports the information into a Microsoft Excel. 
 
 
 
 
Figure 116: Hierarchy of PFR_Auto_Control LabVIEW code. 
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  In general, the PFR_Auto_Control VI monitors and/or controls the following 
instruments; 
 
 
 
Table 7: Instruments controlled and/or monitored by PFR_Auto_Control VI. 
Instrument Measurement Control 
Porter Mass Flow Controller (CM-4) 9 - 
Sample Line Temperatures  
(type K thermocouples) 9 - 
Isco High Pressure Syringe Pump (500D) 9 - 
Daedal Positioning System (MC2000) 9 9 
Siemens IR Gas Analyzer (Ultramat 22) 9 - 
Honeywell Pressure Transducer 9 - 
Daytronics Pressure Transducer 9 - 
 
 
 
Depending on the selection and execution of the tabbed menu, the various different 
functions of the LabVIEW program are accessible.  
 
 
 
 
Figure 117: Main Interface for the control and operation of the PFR Facility. 
 
 214
It should be noted that the LabVIEW code developed by Koert included the capability 
to control the Porter Instruments mass flow controller and the ON/OFF solenoid values 
for Air, Nitrogen, and Oxygen.  These functions are still included in the current version 
of the code, but the interface to the hardware has been removed.  There are several 
reasons for this.  First, the Porter Instruments controller was not designed to accept 
analog voltage signals to control the mass flow rates.  As a result, the controller had been 
modified to accept this type of control, something not acceptable to this researcher.  
Furthermore, if the controlling computer crashes, the flow rates will reset to zero.  This 
type of zero reset condition could cause extensive damage to the PFR if it should occur.  
However, newer versions of the controller sold by Porter Instruments include external 
control, so the capability was not removed from the code.  Second, the solenoid valves 
use to have ON/OFF control of the various gas flow controllers.  The control of the 
solenoid valves is done by the digital output lines of the National Instruments hardware.  
However, if the computer crashes or the program reinitializes the digital output lines, the 
default state for the digital lines is OFF which causes the solenoid valves to shutoff flow 
to the PFR.  This default OFF condition may result in extensive damage to the PFR.  
However, since the hardware is still present, the capability wasn’t removed from the 
code.  In the future, either capability could be implemented given appropriate attention to 
these problems.  
 
A.4 LabVIEW Code 
 This section describes and documents each of the VIs used for the operation and 
control of the Pressurized Flow Reactor. 
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PFR_Auto_Control.vi  
This VI is the main program used in the operation of the Pressurized Flow Reactor.  It 
acquires signals from various measurement devices on the test facility and can 
automatically moves the gas sampling probe to maintain a constant residence time.  
Connector Panel 
 
 
Front Panel 
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Block Diagram 
 
 
 217
 
 
 218
 
 
 219
 
 
 
 220
 
 
 221
 
 
 222
 
 
 223
PFR_AI_Reader.vi  
This SubVI reads analog voltages from the Porter Mass Flow Controller (CM-4), 
Reactor Pressure transducer, Probe Temperature, 3 Sample Line Temperatures, and CO 
& CO2 gas analyzer via the PCI-MIO-16E-4 DAQ card. 
 
Connector Panel 
 
 
Front Panel 
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Block Diagram 
 
 
 
 225
 
 
 
 226
 
 
 
 227
 
 
 
 228
 
 
 
 229
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PFR_AO_Set.vi  
This SubVI issues an instruction to the PCI-AO-6 board, causing it to change the analog 
out voltages on channels 0 to 5 which are connected to the mass flow controllers. 
 
Connector Panel 
 
 
Front Panel 
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Block Diagram 
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PFR_CO_Read.vi  
This SubVI is used to take multiple voltage measurements of the output of the 
Siemens Ultramat 22P Gas Analyzer (the current output is converted to voltage via an 
SCC-CI20 module) and determine the average.  With the average, the CO concentration 
in ppm is determined. 
 
Connector Panel 
 
 
Front Panel 
 
 
Block Diagram 
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PFR_CO2_Read.vi  
This SubVI is used to take multiple voltage measurements of the output of the 
Siemens Ultramat 22P Gas Analyzer (the current output is converted to voltage via an 
SCC-CI20 module) and determine the average. With the average, the CO2 concentration 
in ppm is determined. 
 
Connector Panel 
 
 
Front Panel 
 
 
Block Diagram 
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PFR_CO-CO2_Alarm.vi  
This SubVI compares the CO & CO2 measurements with the maximum value able to 
be measured by the Siemens analyzer.  If the measured value is larger then the maximum, 
the alarm is set. 
 
Connector Panel 
 
 
Front Panel 
 
 
Block Diagram 
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PFR_CO-CO2_Alarm_Beep.vi  
This SubVI sounds an audible alarm over the PC sound card.  The sound will tell you if 
the CO/CO2 measurement is higher then the maximum set point. 
 
Connector Panel 
 
 
Front Panel 
 
 
Block Diagram 
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 237
PFR_Display_Update.vi  
This SubVI is used to update all of the primary instrument clusters in the main VI, 
mainly Pressure measurements and error signal, Flow controller measurements and error 
signals, Temperature measurements, CO & CO2 measurements, and Probe Position, 
Temperature, and status, and Pump volume, Pressure, and status. 
 
Connector Panel 
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Front Panel 
 
 
 239
Block Diagram 
 
 
 240
 
 
 241
 
 
 242
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PFR_FC_Alarm.vi   
This SubVI compares the Flow controller measurements with the set point.  If the 
measured value is outside the tolerance window of the set point then either a high or a 
low alarm condition is set. 
 
Connector Panel 
 
 
Front Panel 
 
 
Block Diagram 
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PFR_FC_Alarm_Beep.vi   
This SubVI sounds an audible alarm over the PC sound card.  The sound will tell you 
if the Flow controllers are higher or lower then the desired set point. 
 
Connector Panel 
 
 
Front Panel 
 
 
Block Diagram 
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PFR_FC_Read.vi   
This SubVI is used to take multiple voltage measurements of the output of the Porter 
Instrument CM-4 Digital Display and Controller and determine the average.  With the 
average, the % full scale flow reading from the flow controller is determined. 
 
Connector Panel 
 
 
Front Panel 
 
 
Block Diagram 
 
 
 247
PFR_Isco_Alarm.vi   
This SubVI compares the fuel pump measurements with the set point.  If the 
measured value is outside the tolerance window of the set point then either a high or a 
low alarm condition is set. 
 
Connector Panel 
 
 
Front Panel 
 
 
Block Diagram 
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PFR_Isco_Alarm_Beep.vi   
This SubVI sounds an audible alarm over the PC sound card.  The sound will tell you 
if the pump flow is higher or lower then the desired set point.  
 
Connector Panel 
 
 
Front Panel 
 
 
Block Diagram 
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PFR_Isco_Read.vi   
This SubVI communicates via the serial port to the Isco high pressure syringe pump.  
The code returns the volume remaining, pressure, flow rate, and error status of the pump. 
 
Connector Panel  
 
 
Front Panel 
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Block Diagram 
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PFR_Probe_Automove.vi   
This SubVI calculates the distance that the probe has to be moved in order to 
maintain a constant residence time. 
 
Connector Panel 
 
 
Front Panel 
 
 
Block Diagram 
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 255
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PFR_Probe_Controller.vi   
This SubVI is used to control the Daedal MC2000 Controller.  The control is 
accomplished by a sequence of serial commands through COM1.  
 
Connector Panel 
 
 
Front Panel 
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Block Diagram 
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 259
 
 
 
 
 260
 
 
 
 
 261
 
 
 
 
 262
 
 
 
 
 263
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PFR_Probe_Read.vi   
This SubVI uses the main Daedal control VI to obtain ONLY the location of the gas 
sampling probe. 
 
Connector Panel 
 
 
Front Panel 
 
 
Block Diagram 
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PFR_PT_Alarm.vi   
This SubVI compares the pressure measurements with the set point.  If the measured 
value is outside the tolerance window of the set point then either a high or a low alarm 
condition is set. 
 
Connector Panel 
 
 
Front Panel 
 
 
Block Diagram 
 
 
 266
PFR_PT_Alarm_Beep.vi   
This SubVI sounds an audible alarm over the PC sound card.  The sound will tell you 
if the pressure is higher or lower then the desired set point depending on the wave file 
played. 
 
Connector Panel 
 
 
Front Panel 
 
 
Block Diagram 
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PFR_PT_Nozzel_Read.vi   
This SubVI is used to take multiple voltage measurements of the output of the 
Daytronic Model 3270 Strain Gage Condition/Indicator and determines the average.  
With the average, the Nozzle Pressure in atmospheres is determined. 
Connector Panel 
 
 
Front Panel 
 
 
Block Diagram 
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PFR_PT_Reactor_Read.vi   
This SubVI initializes COM4 to communicate with the Honeywell pressure 
transducer.  The initialization is necessary internal to the SubVI to prevent a buffer 
overflow of the serial port since this pressure transducer continuously outputs pressure 
data through the serial port to the pressure display.  Once initialized, the serial port 
captures part of the data stream and determines the Reactor Pressure in atmospheres. 
 
Connector Panel 
 
 
Front Panel 
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Block Diagram 
 
 
 
 271
 
 
 272
PFR_SFV_Out.vi   
Sets the state of digital output on the PCI-MIO-16E-4  board.  These outputs are used 
as switches to control the solenoid valves regulating PFR reactant flow. 
 
Connector Panel 
 
 
Front Panel 
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Block Diagram 
 
 
 274
PFR_SFV_Set.vi   
Displays the state of digital output on the PCI-MIO-16E-4 board 
 
Connector Panel 
 
 
Front Panel 
 
 
Block Diagram 
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PFR_TCP_Read.vi   
This SubVI is used to take multiple voltage measurements of the output of the Omega 
CN-1001TC Temperature Display and determine the average.  With the average, the 
Temperature in Kelvin is determined for the probe temperature. 
 
Connector Panel 
 
 
Front Panel 
 
 
Block Diagram 
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PFR_TCS_Read.vi   
This SubVI is used to take multiple voltage measurements of the output of the SCC-
TC02 temperature SCC module and determines the average.  With the average, the 
temperature in Kelvin is determined for the sample line. 
 
Connector Panel 
 
 
Front Panel 
 
 
Block Diagram 
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PRF_Init.vi   
This SubVI is an Initialization VI that is executed on when the "Initialize" control is 
executed from the main LabVIEW PFR_Auto_Control.vi. This initializes the PCI-MIO-
16E-4 board and the serial port to ensure proper operation of the main LabVIEW 
program. 
 
Connector Panel 
 
 
Front Panel 
 
 
Block Diagram 
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 279
 
 
 280
PFR_Temperature_Profile.vi   
This VI is used to determine the temperature profile of the reactor.  It can be utilized 
for a single profile measurement or a sequence.  It is used independently of the normal 
PFR control VI, but uses some of the same subVIs. 
 
Connector Panel 
 
 
Front Panel 
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Block Diagram 
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Appendix B: Calculations for Experimental Conditions 
 
 This Appendix outlines the equations and calculations utilized to determine various 
experimental conditions and set points given a desired set of experimental parameters.  
Specifically, the required PFR settings need to be determined given the desired 
equivalence ratio, nitrogen dilution, and pressure.  All of the equations presented below 
are automatically calculated in an Excel Spreadsheet, shown in Figure 118. 
 
The most critical parameters and calculations include: 
Hydrocarbon oxidation reaction 
OHyxCONOaOHC zyx 2222 2
)76.3( ⋅+→⋅++  
 
Equivalence Ratio 
2
4
za
yx
+
+=φ  
24 zyxa ++= φ  
 
Nitrogen Dilution 
m
molAirm
molN
m
molN
VV
V
D
Extra
Extra
AirExtraN
ExtraN
+
=+=
2
2
2
2
&&
&
 
 
Molar Flow Rate Calculations 
1=mmolFuel  
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am
molO =2  
m
molNm
molNm
molNm
molNm
molN
ExtratricStoichiomeFuelOxidizer 22222
+=+=  
D
m
molAirD
m
molN
Extra −
⋅
=
12
 
am
molN
tricStoichiome
⋅= 76.32  
m
molN
D
m
molOD
am
molN
FuelOxidizer 2
2
2 1
76.4
76.3 −−
⋅⋅
+⋅=  
m
molOam
molAir 276.476.4 ⋅=⋅=  
 
Volumetric Flow Rate Calculations 
atmP
KTRm
molFuel
m
lFuel
⋅⋅=  
atmP
KTRm
molO
m
lO
⋅⋅
= 22  
atmP
KTRm
molN
m
lN Fuel
Fuel
⋅⋅
= 22  
atmP
KTRm
molN
m
lN Oxidizer
Oxidizer
⋅⋅
= 22  
atmP
KTRm
molO
m
lAir
⋅⋅⋅
= 2
76.4
 
 
 286
Standard Volumetric Flow Rate Calculations 
⎥⎥⎦
⎤
⎢⎢⎣
⎡⋅⎥⎦
⎤⎢⎣
⎡⋅=
KT
atmP
m
lFuelslmFuel 25.294
1
 
⎥⎥⎦
⎤
⎢⎢⎣
⎡⋅⎥⎦
⎤⎢⎣
⎡⋅=
KT
atmP
m
lOslmO 25.294
122
 
 
⎥⎥⎦
⎤
⎢⎢⎣
⎡⋅⎥⎦
⎤⎢⎣
⎡⋅=
KT
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m
lNslmN
FuelFuel
25.294
122
 
⎥⎥⎦
⎤
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⎡⋅⎥⎦
⎤⎢⎣
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KT
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m
lNslmN
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25.294
122
 
⎥⎥⎦
⎤
⎢⎢⎣
⎡⋅⎥⎦
⎤⎢⎣
⎡⋅=
KT
atmP
m
lAirslmAir 25.294
1
 
 
Percentage Full-Scale Calculations 
22
2
100
% 2
OO
O FS
slmO
FS ⋅
⋅= α  
FuelFuel
Fuel
Fuel
NN
N FS
slmN
FS
22
2
100
% 2 ⋅
⋅= α  
OxidizerOxidizer
Oxidizer
Oxidizer
NN
N FS
slmN
FS
22
2
100
%
2
⋅
⋅= α  
AirAir
Air FS
slmAir
FS ⋅
⋅= α
100
%  
Solving for Unknowns 
 Known 
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  %16%
2
=OFS (typical) 
%20%
2
=
FuelN
FS  (typical) 
%80%65 →=D  (nominal) 
75.02.0 →=φ  (nominal) 
 
 Conversion of known values to molar flow rates 
25.294100
%
22
2 ⋅⋅
⋅⋅=
R
FSFS
m
molO OO
α
 
25.294100
%
22
2 ⋅⋅
⋅⋅=
R
FSFS
m
molN FuelFuel
Fuel
NN α
 
 
Solving for percent full-scale nitrogen in oxidizer stream 
⎟⎟
⎟
⎠
⎞
⎜⎜
⎜
⎝
⎛
−−
⋅⋅
+⋅⋅
⋅⋅= mmolND
m
molOD
m
molO
FS
RFS
Fuel
Oxidizer
Oxidizer
N
N 2
2
2 1
76.4
76.325.294100%
2
2 α
  
  
Solving for fuel flow rates 
 
a
m
molO
m
molFuel 1
2
=  
  
a
m
molO
m
molFuel
2=  
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[ ] 6
222
10⋅
+++
=
m
molNm
molNm
molOm
molFuel
m
molFuel
ppmFuel
OxidizerFuel
 
 
Fuel Vaporization Temperature Calculations (Antoine Equation Parameters) 
 
 
[ ]( ) [ ] CKT
BAbarPLog +−=10  
[ ] [ ]( ) CbarPLogA
BKT −−= 10
 
where A, B, and C are the “Antoine coefficients" 
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